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INTRODUCTION

Laboratory work performed during the Phase I study of "R crystallization
and Growth of HMX/RDX, a Study of Methods and Equipment" indicated that

significant increases in explosives recrystallization rates with corres-
ponding decreases in recrystallization costs could be achieved in existing
batch equipment using DMSO and cooling crystallization processes. The
improvement was attributed primarily to the larger batch sizes possible
due to the higher solvent power of DMSO for RDX and HMX when compared with
the standard recrystallization solvents, acetone and cyclohexanone. Other
benefits of recrystallization from DMSO included improved crystal charac-
t eristics such as clarity and shape. Cooling processes were also shown
to provide safer, more controllable recrystallization systems which could
provide more consistent product particle size distributions (PSD).

The Phase II pilot plant study2 revealed that the predicted batch size
increases were obtainable in batch, stirred-tank cooling crystallizers.
Also, the products from these recrystallizations compared favorably with
similar products recrystallized by conventiondl methods. However, it was
also discovered that production of the larger particle size distributions
in batch equipment was difficult. Therefore, the batch systems were judged
practical only for producing the finer PSD's (Classes 1 and 5). Effective
production of the coarser Class 3 and Class 4 distributions required the
fines control capability of the draft-tube crystallizer which was also
evaluated during this pilot plant. The draft-tube design had the disad-
vantages of low production rates and high equipment cost,

A need for the simplicity of the batch stirred tank equipment plus the
fines control capability required for production of coarse explosives led
to the investigation of a batch, controlled nucleation, classified product
removal (CNCPR) crystallization system during the later part of the Phase II
pilot plant. The high effective growth rates achieved in the batch CNCPR
system as well as the high production rate potential of this system pro-vided the incentive for he more detailed investigation presented in this
report.

The accomplishments of the Project 4310 pilot plant phase included the
following:

1. Process design of the CNCPR crystallization system and all auxiliary
support systems.

2. Mechanical design of the pilot equipment and specification of instru-

ments ane control systems.

3. Procurement, modification, and installation of pilot plant equipment.

4. Development of a liquid chromatographic procedure for process control
and pilot plant performance evaluation.

SHolston Defense Corporation I Kingsport, Tennessee
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5. Completion of a hazards analysis based on the final pilot plant design.

6. Evaluation of the pilot plant including debugging, calibration, opera-
tor training, operatiun, and product manufacture.

7. Analysis of the data generated, the presentation of conclusions reached,
and recommendations for future work based on the results achieved.

Holston Defense Corporation 2 Kingsport, Tennessee
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EXPERIMENTAL

EQUIPMENT

The equipment and facilities used to perform the experiments during the
pilot plant phase are located at Building C-6, Holston Army Ammunition
Plant. Most of the building equipment and the new process equipment
were used to perform experiments as required.

Process and Instrumentation Diagram

The original process flow sheet (P&I) diagram for the Building C-6
pilot plant recrystallization process is presented as Figure 1.
The equipment, instruments, and connected piping required to perform
the basic experiments and produce recrystallized RDX and HMX are
indic3ted on this figure. Changes in process configuration are not
indicated on this figure but are discussed in detail in Section IV.

Equipment Layout

The original equipment layout plan for the pilot plant is detailed
by Figures 2, 3 and 4. Table 1 presents a listing of each piece of
equipment and its designated code number.

Process Equipment Description and Basic Functions

Slurry Mix Tank, CA-52 (Figure 5)

The slurry mix tank is a 50-gallon (0.189 mn3 ), agitated, 304L
stainless steel tank used to blend the input materials for the
recrystallization processes. The tank is positioned on three
hydraulic load cells which are calibrated to determine the net
weight of the tank contents. A dial indicator is provided for
reading the weight, (Note: Due to failure of the hydraulic
load cells the weigh system could not be used. The slurry mix
tank was instead volumetrically calibrated for liquid measure-
ment. Solids and make-up DMSO were weighed prior to addition).

Charging of explosives is accomplished by shoveling from a
nutsche or charging from preweighed bags, Recycle solvent
is pumped from storage tanks while any virgin solvent required
is pumped directly from a drum as needed. A hydraulic, variable
speed agitator is provided for mixing the ingredients, Slurry
is transferred from the slurry mix tank to the evaporator feed
tank by opening the air operated slurry mix tank drop valve and
starting Pump CA-IO.

Holston Defense Corporation 3 Kingsport, Tennessee
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Evaporator Feed Tank, CB-50 (Figure 6)

The evaporator feed tank is a 200-gallon (0.757 m3 ), agitated,
304L stainless steel tank equipped with coils and jacket for
heating or cooling. Material received from the slurry mix tank
may be heated in this tank to prepare it for feeding to the
evaporator. Automatic temperature regulating instrumentation
is provided. The feed solution is continuously circulated
through a low pressure steam-jacketed loop by Pump CB-10 with
a feed take-off to the evaporator. The feed rate to the evap-
orator is controlled by the evaporator level signal-and maifi-
tains proper evaporator level.

Evaporator, CB-51 (Figure 7)

The evaporator is a 100-gallon (0.379 m3 ) 304L stainless steel,
full vacuum rated tank equipped with coils and jacket for heat-
ing or cooling. Automatic temperature regulating instrumenta-
tion is provided to control the steam flow to the coils and
jacket. Total system pressure is variable and automatically
controlled by an air bleed to the two stage vacuum jets mounted
on the roof. The solution in the evaporator is continuously
circulated through a steam jacketed loop by Pump CB-ll. Agita-
tion of the tank contents is furnished by the returning fluid
stream from this loop.

Feed to the dissolver is drawn from this loop via a control valve
and magnetic flowmeter. The vapors from the boiling tank con-
tents are fed directly into the rectifying column (CB-21) which
is integrally mounted on top of the evaporator.

Rectifying Column, CB-21 (Figure 8"

The rectifying column is a packed column consisting of a 12-inch
(0.30 m) diameter, 304L stainless steel shell packed with one-
inch (25.4 mm) sodium-etched, Exlon rings. k-tive packed height
is 18 feet (5.49 m) with liquid redistribution every 4.5 feet
(1,.37 m) and gas redistribution in the center of the column.
Liquid feed distributors are located at six feet (1.83 m) and
at 15 feet (4.57 m) from the bottom of the column, Reflux rate
is controlled by action of a timed three-way valve connecting
the distillate condenser to the distillate receiver and the
reflux head. Vacuum is maintained by the two-stage vacuum jets
located on the roof.

Dissolver, CB-52 (Figure 9)

The dissolver is a 100-gallon (0.379 m3 ) 304L stainless steel,
agitated atmospheric tank equipped with coils and jacket for

Holston Defense Corporation 4 Kingsport, Tennessee
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heating or cooling. Feed entering this tank is diverted from
the evaporator circulating loop by a three-way metering valve.
A magnetic flowmeter is provided to measure the flow rate of
the feed stream and instruments are provided to allow this rate
to be controlled and varied. Temperature measuring and regula-
ting instrumentation is provided to control steam flow to the
coils and jacket. The hot, DMSO/explosives solution in the
dissolver is circulated to the crystallizers by Pump CB-12
through two independently controlled flow loops. The overflow
from each crystallizer combines at the crystallizer overflow
and returns by gravity to the dissolver. Level control in the
dissolver is provided by limit switches which allow the level
to fluctuate between two predetermined points. When the high
level is reached, the air-actuated three-way valve in the
crystallizer overflow line diverts the flow from the dissolver
to the mother liquor receiver and the level in the dissolver
drops. When the low level limit is reached, the three-way
valve returns to its original position and the crystallizer
overflow continues back to the dissolver. Loss of air supply
diverts all flow to the dissolver.

Crystallizers, CC-50 and CC-51 (Figure 10)

Each crystallizer is a 9.5-gallon (0.036 m3 ), 304L stainless
steel, agitated, atmospheric tank equipped with coils and
jackets for cooling. The solvent/explosive solution from the
aissolver is independently circulated to both crystallizers by
Pump CB-12. Feed rates to the crystallizers are individually
controlled by separate control valves and measured by magnetic
flowmeters. Instrumentation is provided to allow control and
variation of these rates. The combined overflows from the
crystallizers are returned to the dissolver or the mother
liquor receiver as determined by the level in the dissolver.

Temperature is measured and regulated in each crystallizer by
instrumentation which controls the automatic valve in the
cooling water supply line. Product is removed through ram-type
drain valves centered in the bottom of each crystallizer. The
rate of product removal is controlled by manually setting the
supply pressure to the valve operators to control the percentage
of full open required. Signals to the valve operators are pro-
duced by electric, interval timers which control both the fre-
quency of product removal and the volume of slurry removed.
Separate timers are provided for each crystallizer with two
set points to control the frequency and duration of the open/
closed cycles. (Note: During experimentation, capacitance
probes were added to each crystallizer timer circuit to allow
more precise volumetric product removal).

Holston Defense Corporation Kingsport, Tennessee
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Mother Liquor Receiver, CD-50 (Figure 11)

The mother liquor receiver is a 50-gallon (0.189 m3 ), 304L
stainless steel, agitated, atmospheric tank equipped with a
tempered water jacket. The tank functions as a receiver for
the recycle solvent stream from the decant system, The re-
cycle solvent is held at ambient temperature or can be heated
using the tempered water jacket. A high level alarm sounds
when the level in the tank reaches approximately 85% of total
tank volume. The tank contents are manually transferred period-
ically for recycle solvent processing or direct recycle.

Product/Mother Liquor Decant System (Figure 11)

The original product mother liquor screen equipped with a 270
mesh (53 um) screen was replaced with the product/mother
liquor decant system. The function of the screener was to
receive the product stream from the crystallizers and to per-
form the initial solids/liquid separation. During initial
trial runs constant plugging of the 270 mesh screen forced
elimination of the screener altogether. The separation was
done, instead, using the decant system. The crude decant system
consists of several 2.5 gallon (0.0095 m3 ) buckets for receiving
the product slurry from the crystallizers, After settling, the
liquid is manually decanted to the mother liquor receiver, the
product solids are reslurried with water, and the slurry is
manually transferred to the first wash screen.

First Wash Screen, CD-02 (Figure 11)

The first wash screen is a single-deck, 18-inch (0.46 m),
electrically driven, Sweco vibrating screener of 304L stainless
steel construction equipped with one 325 mesh (44 ,m) screen and
a self-cleaning kit. This screener receives the reslurried
solids from the initial solids/liquid separation described
above. A spray nozzle is used to provide a water wash to remove
residual solvent from the product crystals. Washed solids over-
flow to the second wash screen (CD-03) and the wash liquor along
with any precipitated fines underflows to Filter No. 2 (CD-52).

Second Wash Screen, CD-03 (Figure 11)

The second wash screen was originally a multi-deck, 18-inch
(0.46 m), electrically driven, Sweco vibrating screener of 304L
stainless steel construction equipped with 8, 50, 120 and 325
mesh (2380, 297, 125 and 44dm, respectively) screens in a con-
tinuous stack. A self-cleaning kit was included on the bottom

Holston Defense Corporation Kiigsport, Tennessee
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screen and a m~etered filtered water wash was provided via a
spray nozzle. The function of this screener was to perform
a final water wash and physical separation of individual screen
fractions which could later be blended in various ratios to
produce different intermediate explosives products. During
trial runs constant plugging occurred on all the screens forcing
abandonment of the size separation idea. All the screens except
the 325 mesh were removed. The product from CD-02 was simply
washed a second time on CD-03 and then discharged into a 2.5
gallon (0.0095 m3 ) polyethylene bucket. This material was then
manually charged into Vacuum Filter No. 3 (CD-53) for finai
wash and dewatering.

Vacuum Filters; CD-51, CD-52 and CD-53 (Figure 11)

The three small vacuum filters are 20-inch (0.51 m) diameter,
304L stainless steel, tank-type filters with removable, poly-
ethylene cloth support grids, Each filter has a 38-gallon
(0.144 m3 ) filtrate capacity and an 18-gallon (0.068 m3) solids
capacity. CD-51 and CD-52 are equipped with tempered water
jackets. Removable cloth filter bags are used to collect the
solids. Each filter has an independent vacuum supply control
valve and level indicator,

Vacuum Filter No. 1 (CD-51) was designed to remove product
fines from slurry received from the mother liquor receiver.
Because of growth of crystals on and subsequent blinding of
the filter cloth, this filter was bypassed and this procesring
step eliminated.

Vacuum Filter No. 2 (CD-52) receives the first wash water
underflow from the first wash screen which contains the fines
precipitated during the first wash. The cake required some
washing to remove the residual solvent present.

Vacuum Filter No. 3 (CD-53) receives the washed underflow and
overflow streams from the second wash screen. The material
accumulated in this filter provides the bulk of the product
and the filtrate provides the bulk of the first wash water.

Recycle DMSO Receiver, CF-51 (Figure 12)

The recycle DMSO receiver is a 150-gallon (0.568 m3 ), 304L
stainless steel, agitated, tank equipped with both cooling
water and tempered water supplies to the jacket along with
temperature indicating instruments. The tank contents are
maintained at a predetermined temperature depending on the
explosive product present and the solvent content. Mother

Holston Defense Corporation Kingsport, Tennessee
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liquor received from vacuum filter No. 1 fCD-51) or directly
from the mother liquor receiver (CO-50) -s cooled to precipi-
tate excess dissolved explosives which are allowed to settle
in the tank. The cooled solution overflows from the tank
through the overflow nozzle provided to the recycle DMSO stor-
age tank (CF-53). Accumulated impure solids are periodically
dropped to vacuum filter No. 4 (CF-52) where the solids are
collected for disposal or use depending upon the composition.

Product Line Wash Reservoir, CF-54 (Figure 12)

The product line wash reservoir is a 2.5- gallon (0.0095 m3 ),
inline holding tank used to store recycle DMSO overflowing the
recycle DMSO receiver. A manually controlled, air-operated,
drop valve is provided to allow the intermittent flushing of
the product discharge line from the crystallizers (CC-50 and
CC-51) to the decant system.
Vacuum Filter No. 4, CF-52 (Figure 12)

Vacuum Filter No. 4 is a 304L stainless steel filter with a
25-gallon (0.095 m3 ) solids capacity and a 75-gallon (0.284 m3 )
filtrate capacity. A removable cloth filter bag is used to
collect solids from various recycle DMSO streams prior to
further processing or disposal, Collected solids material is
recycled or handled as waste explosives depending on its purity.

Recycle DMSO Storage Tanks; CF-53, CA-50 and CA-51 (Figures 12
and 13)

The recycle DMSO holding tank (CF-53) is a 150-gallon (0.568 m3 ),
polyethylene tank which is used to co,lect the recycle DMSO
from either the recycle DMSO receiver or Vacuum Filter No. 4.
The tank contains only the working invenitory of recycled DMSO.
Excess recycle DMSO may be pumped to either DMSO Storage Tank
CA-50 or CA-51 or directly to the wast5 solvent storage tank.
CA-50 and CA-51 are 350-gallon (1,32 m ) agitated, 304L stain-
less steel tanks which are used for storing various solutions
for start-up or shutdown operations. Dilution operations were
also performed in these tanks to precipitate excess dissolved
explosives prior to pumping to the waste solvent recovery equip-
ment.

Condensate Holding Tank, CE-5i (Figure 14)

The condensate hold tank is a 100-gallon (0.379 m3 ), polyethylene,
atmospheric tank which is used to collect and store both the
rectifying column overhead (distillate) stream and the second

Holston Defense Corporation 8 Kingsport, Tennessee
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wash water from vacuum filter CD-53, The combined material
is then pumped to the first wash screen and used as first
wash water.

Waste Solvent Recycle Tank, CB-53 (Figure 15)

The waste solvent recycle tank is a 75-gallon (0.284 m3 ),

316 stainless steel, unagitated tank equipped with a heating
coil and temperature indicating and control instrumentation.
Filtered wiste solvent is pumped as required to this tank and
preheated to the appropriate temperature. The waste solvent
is fed to the rectifying column during recovery operations.

Waste Solvent Storage Tank, CG-50 (Figure 16)

The waste solvent storage tank is a 5,000 gallon (18.9 m3 ),
316 stainless steel, agitated tank which is used to store all
waste solvent containing less than 30% DMSO. Water is added
as required to correct the DMSO content to 10-20%. This material
is held for recovery of DMSO or for disposal.

Waste Solvent Filter, CG-51 (Figure 16)

The waste solvent filter is a 304L stainless steel, vacuum
filter with a 175-gallon (0.662 m3 ) solids capacity and 300-
gallon (1.13 mi) filtrate capacity. A removable cloth filter
bag is used to collect solids which will be discarded as waste
explosives. The filtrate contains 10-20% DMSO which is pumped
either to the waste solvent recycle tank for recovery or to a
solvent wagon for processing and/or disposal.

Vacuum Systems (Figures 17 and 18)

Vacuum is maintained on the five vacuum filters via two vacuum
receivers (CJ-50 ana CJ-51) using a set of two, single-stage,
steam ejectors (CJ-10 and CU-11). Filters 1, 2 and 3 connect
to a common header while filters 4 and 5 share a second header.
Piping is arranged so that either or both receivers can be used
as the vacuum source. Vacuum is maintained on the rectifying
column (CB-21) and the evaporator (CB-51) using a separate two-
stage, intercondensed, steam ejector (CB-13). The pressure of
this vacuum supply system is controlled by an air bleed just ahead
of the main jet inlet. Steam flow to the first and second stage
jet and the water flow to the intercondenser are monitored.

Holston Defense Corporation 9 Kingsport, Tennessee
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Exhaust System (Figure 19)

Exhaust hoods are provided at all locations where the possibility
of operator contact with solvent fumes exists, The hoods are
located over the slurry mix tank (CA-52), the decant and
screener positions (CD-Ol, CD-02 and CD-03), Filter No. 1,
Filter No. 2, Filter No. 3 and Filter No. 4. The overflow
header from the crystallizers (CC-50 and CC-51) has a small
crossflow vent located behind the sampling Cort. The air
mover for the ventilation system is an exhaust fan (CH-IO)
located on the building roof.

Pumps

All the pumps used in this process are 304 stainless steel,
centrifugal, slurry pumps equipped with water flushed, stuffing-
box type seals. High temperature shut-off as well as an inter-
lock for seal water failure protection is provided.

Waste Water Holding Tank, CG-52 (Figure 20)

The waste water holding tank is a 10' x 15' (3.0 m x 4.6 m)
stainless steel 8,000-gallon (30.3 m3 ) storage tank which is
used to collect the excess water generated during the pilot
plant evaluations. This waste water overflows by gravity from
the condensate holding tank (CE-51) and accumulates during
the pilot operation. Disposal of this water depends upon the
concentration of DMSO as monitored by LC analysis. Most of
this stream was discharged during this evaluation.

Hydraulic System (Figure 21)

Two hydraulic oil drive units are u3ed to furnish power to the
hydraulic drive motors for each agitated tank used in the
process. Each agitator has its own variable speed control.
One hydraulic power unit supplies the motors on the crystallizers
(CC-50 and CC-51). The other unit supplies motors on the
slurry mix tank (CA-52), the recycle DMSO receiver tank (CF-51),
the dissolver (CB-52), and the mother liquor receiver (CD-50).

Tempered Water 3ystem (Figure 22)

A Pick water heater is used to furnish the 40-50oC (313-323 K)
tempered water for the mother liquor receiver (CD-50), Filter
No. 1 (CD-51) and Filter No. 2 (CD-52), This water heater is
a thermostatically controlled steam/water mixer which supplies
constant temperature water over a variable range of demand con-
ditions dictated by the recrystallization process. Used

Holston Defense Corporation 10 Kingsport, Tennessee
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tempered water is not recirculated but is discarded after
one pass.

Safety and Emergency Systems

Fire Protection

A sprinkler system of the wet-pipe design is provided for all

operating areas of Building C-6. Activation of this system is
by heat only. No manual activation is currently available.
When the sprinkler system is activated, the fire bell is auto-
matically engaged by the flow of water.

Emergency Alarm and Interlock

Paddle switches located at all the Building C-6 exits activate
the building emergency alarm as well as the automatic building
emergency shutdown sequence. The alarm switch is activated by
personnel as they exit the building as soon as they realize
that an emergency or uncontrolled dangerous situation exists.
Activation of the emergency alarm automatically shuts down
critical process equipment including all process pumps, the
screeners, the vent fan, and the steam supply to all process
tanks. The tank agitators continue to run.

Safety Showers and Eye Wash Stations

Safety showers are located as close to potential sites of
personal contact with solvent and explosive solutions as
physically possible. Eye wash units are located near the filter-
ing area on the first floor, near the Sweco separators on the
lower mezzanine, and near the slurry mix tank. Safety showers
are located with the eye wash stations as well as at other
strategic locations throughout the building.

Personnel Protective Equipment

Due to the potential for the existence of hazards associated
with operator contact with DMSO/explosives solutions which
might contain unknown contaminants from the crude explosives,
care was taken to contain all DMSO/explosives solutions within
the process equipment and to minimize operator exposure as much
as possible. In those situations where potential operator
exposure could not be avoided, the following additional per-
sonnel protective equipment was provided:

Holston Defense Corporation 11 Kingsport, Tennessee
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'-. Face shields (clear plastic, full coverage)
2. Aprons (-ubber, covering chest and upper legs)
3. Galoshes (rubber, worn over safety shoes)
4. Gloves (rubber, solvent resistent)

MATEPiALS

Process Materials

Dimethyl Sulfoxide (DMSO - See Appendix D for physical
properties)

Crude RDX (Filtered, washed, nutsched)

Crude HMX (Filtered, washed, nutsched)

Analytical Materials

Hexane
Acetonitrile
Dimethyl Formamide (DMF)
Methanol
Chloroform

PRODUCT REQUIREMENTS AND METHODS OF ANALYSIS

RDX
HDC Analytical

AttriDutes Reutremernts Standard Metnod

Purity, % RDX 1-26+, i-153++
IHMX, % 0.01* Microscope

Acidity, % as Acetic Acid 0.02 Mlax. C-9
Melting Point, OC 190 Min. P-12
Acetone Insoluble3, 0.0". Max. C-6
Inorganic Insolubles, 0.03 Max, C-6
Insoluble Particles

Retained on USSS No. 40 None C-4
60 5 ax.

Impact cm 33+ P-4
Color White Visual
Residual DMSO, GC Procedure #33
Granulation F-5

Internal Contr-1
+ Irformaticn Analysts
+4 Drocess C.ontrol (,C-6)

Fiolston Defente Corporatiomt 12 )irspoL't, TeInssee
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U.S. Standard Weight % Passing
Sieve No. CLASS

_-- _ _ 3 5 6 7 , 8

8 100
1212 99-100
20 96-100

S35 
98-100 0-40 100

50 80-100 90-100 30-50 96-100 98-100
60 96-100
80 91-100

100 30-90 50-80 10-30 1 82-98 90-100
120 :67-93
170 43-80
200 5-45 20-46 0-20 31-61 55-80
230 122 - 50

325 1 97 -100{ 8-36 . 40-60

HMX
HDOC AnalyticalAttributes Requirements Standard Method

Purity, % HMX Grade A - 93 Min. 1-4, 1-151+, 1-153++
Grade B - 98 Min.

% a HMX < 0.10* 1-4
% SEX - 1-151+, 1-153++

Polymorphic Form Beta 1-4

Melting Point, °C 277 Min. P-12

Acidity, % Acetic Acid 0.02 Max. C-9

Color White*

Insolubles: Acetone, % 0.05 Max. C-6
Inorganic, % 0.03 Max. C-6

Insoluble Particles
On USSS No. ho 0 C-4

60 5 Max. C-4

Impact, cm 30 Min.* P-4

Residual DMSO, % GC Procedure #33

*Internai Control

+Irformaclon Analysis
++Process Control (C-6)

Hn1ston Defense Corporation 13 Kingsport, Tennessee



Technical Report No. HDC-58-80

Particle Size, P-5

% Passing for Class

USSS No. 1 2 3 4 5 6

8 100
12 99-100 85-100 99-100
35 10-40
50 84-96 100 25-55 90-100

100 40-60 10-30 0-15 50-80
120 98-100
200 14-26 0-20 15-45
325 3-13 75-100 98-100 5-25

Composition A-3
Requirements HDC Analytical

Attributes Minimum Maximum Standard Method

% RDO, 90.3 91.7 C-36
% Wax 8.3 9.7 C-36
% Moisture - 0.1 1-7
% Acidity 0.02 C-37
Insoluble Particles on C-4

USSS40 - 0
60- 5

Granulation, % Passing
USSS 6 100 -

100 - 5 P-9

Bulk Density (gm/cc) P-172
Army Procurement 0.77
Navy Procurement 0.81

Foreign Matter - None P-60

Composition A-5 Requirements HDC Analytical
Attributes Type I Type 1I Standard Method

RDX % 98.5 - 99.0 98.5 - 99.0 C-29
Stearic Acid % 1.0 - 1.5 1.0 - 1.5 C-29
Moisture % 0,10 Max. 0.10 Max. 1-7
Bulk Densityg/ml 0.95 Min. 1.00 Min. P-8
Insoluble Particles

on USSS No. 40 None None C-4
60 5 Max, 5 Max.

Holston Defense Corporation 14 Kingsport, Tennessee



Technical Report No. HDC-58-80

Comp A-5 (cont'd)
HOC Analytical

Attributes Type I Iype II Standard Method

Granulation, % Passing
USSS No. 12 99.0 Min. 99.0 Min. P-9

200 2.4 Max, 2.4 Max.

Composition C-4
Requirements HDC Analytical

Attributes Minimum Maximum Standard Method

RDX, % Class 1 and 2 99.0 92.0 C-48

Class 3 89.8 91.2

Class 4 88.9 90.9

Binder, % Class 1 and 2 8.0 10.0 C-48

Class 3 8,8 10.2
Class 4 9,0 11.0

Moisture, % 0.25 1-7

Plasticity, Class 1 and 4 0.030 P-29

Class 2 - 0.080
Class 3 0,018 -

Specific Gravity
Class 2 only 1.50 - P-30

Insoluble Particles C-4

on USSS No. 40 - 0
60 5

Composition B Requirements
Type I Type II HDC Analytical

Attributes Min. Max. Min. Max.. Standard Method

% RDX 57.5 61.5 57.5 61.5 C-7

% TNT 37.2 41.8 37.2 41.8 C-7

% Wax 0.7 1.3 0.7 1.3 C-8

%H- 0.20 - 0.20 C-3

BuNl Density,
gm!cc - - - 0.90 P-172

Insoluble Part.
Ret'd. on USSS 60 - 5 - 5 C-4

Efflux Vis.,Sec.:
Grade A - 7,0 - - P-l

Grade B - 17.0 -

Granulation; 
P-9

% Pass. USSS No.10- - 100 -

200- - - 1.0
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lotol

HDC Analytical

Attributes Requirements Standard Method

Type I II II
Class - A B

Min. Max. Min. Max. Min. Max.

% RDX 73.0 77,0 68.0 72.0 67.6 71.6 C-2
C-7

% TNT 23,0 27.0 28.0 32,0 by Difference

% Calcium
Silicate .35 .65 C-l

Viscosity
Efflux Sec. 15.0 - 10.0 - 10.0 P-l

% Moisture 0.25 0.25 0.25 C-3

Insolubles
Particles
Retained on
USSS No. 60 5 5 5 C-4

Octol

Attributes Requirements

Type I II II

Class 1 2
HDC Analytical

Mi. Max. Mi. Max Mi. Max. Standard Method

% HMX 73.0 77.0 68,0 72.0 68.0 72,0 C-7

% TNT 23.0 27.0 28.0 32.0 28.0 32.0 C-7

Viscosity
Efflux Sec. - 15.0 12.0 - 8.0 P-1

Moisture - 0.25 0.25 0.25 C-3

Polymorphic
Form Beta Beta Beta 1-4

Foreign
Matter None None None Visual

Holston Defense Corporation 16 Kingsport, Tennessee
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HDC Analytical

Min. Max. Min. Max.. Min. Max. Standard Method
Insolubles
Particles
Retained on
USSS No. 60 5 5 5 C-4

% Acetone Insoluble 0.1') 0.10 0.10 C-6

EXPERIMENTAL PROCEDURE

The DMSO-recrystallization process as originally designed underwent
many physical changes throughout the evaluation phase of the project.
This evaluation was primarily due to problems which arose and were
solved using the most practical and available means possible. The
resulting modified processes are described in general terms in Section
IV. A. and in more detail in Section IV. B. A more detailed comparison
of the modified pricesses with original processes may be accomplished
using Standing Operating Procedure No. 1800-6702 at HSAAP.

General Process Description (Reference Figures 26 and 27)

Feed was prepared in the slurry mix tank by mixing crude explosives,
recycle solutions of varying composition, and make-up DMSO. The
mixture was pumped to the evaporator feed tank and then metered
into the evaporator/rectifier system. DMSO was concentrated in
the evaporator by removing water as an overhead stream from the top
of the rectifying column. Concentrated DMSO/explosives solution in
the evaporator became the feed for the CNCPR crystallization system.
The ratio of explosives to DMSO as well as the evaporator conditions
were controlled so that the feed solution was maintained at 85-90%
DMSO by weight on a solids free basis and contained no undissolved
explosives. This feed material could be introduced to the CNCPR
system at several points depending on the particular product to be
produced. Generally it was metered directly into the crystallizers
or tne dissolver. Conditions within the CNCPR system were controlled
to cause precipitation of explosive crystals. This was accomplished
by water quenching to produce fine PSD's or by simply cooling the
feed solution to produce the coarser PSD's. The conditions chosen
determined both the particle size dictribution and throughput rates
obtainable.

Coarse explosives (Classes 1, 3, and 4) produced by cooling techniques
were removed from the crystallizers at timed intervals in a thickened
slurry containing approximately 40% solids and 60% spent solvent.
The liquid was decanted into the mother liquor receiver and held at
ambient temperature until transferred for recycle solvent processing
or reused directly for making new feed solution. After decanting,
the solids were diluted with water to reduce the solvent concentra-
tion and to precipitate the remaining dissolved material. Reslurried

Holston Defense Corporation 17 Kingsport, Tennessee
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product was then fed to the first wash screener and spray washed
with a weak (0.5 - 2%) DMSO solution. The underflow fines ob-
tained from the screening operation were collected, filtered, and
washed with clean water in a vacuum filter. Filtrate was trans-
ferred to the waste solvent storage tank. The bulk of the product
crystals overflowed onto the second wash screener and were washed
again with clear water. The combined overflow and underflow were
collected in another vacuum filter, dewatered and then placed in
product containers. The filtrate was combined with the fractiona-
ting column distillate in the condensate receiver and used for first
wash water. The excess was discarded.

Fine explosives (Class 5) produced by water quenching techniques were
removed from the crystallizers in a slurry containing 10 to 20%
solids by weight and liquid which contained approximately 20 - 50%
DMSO by weight. This slurry was metered directly onto two vibra-
ting screeners equipped with water sprays and 325 mesh (44 pm)
screens for scalping oversized particles, The product solids in
the underflow were collected in vacuum filters- ashed, dewatered,
and placed in product containers. The combini filtrate and wash
ýwater were transferred to the waste solvent storage tank.

Recycle DMSO collected in the mother liquor receiver was used
directly to make new feed solution or processed as recycle solvent.
Material transferred to the recycle DMSO receiver was cooled to
20 - 250 C (293 - 298 K) to precipitate the remaining explosives.
The solids were allowed to settle out in the receiver and tne liquid
overflowed to the recycle DMSO holding tank. The settld solids in
the receiver eventually required filtration in filter #4. The filtrate
was combined with the receiver overflow in the holding tank where
it was stored until required for making new feed. The sclids in
filter #4 were water washed and stored as waste explosive's, The
wash water was transferred to the waste solvent storage tank.

Waste solvent generated from the various product washing operations
plus the solvent purge generally contained 10 - 30% DMSO and 1 - 2%
explosives by weight. Recovery of the DMSO involved filtering the
slurry in the waste solvent filter to remove explosives and other
solid impurities, fractionating the resulting solution to remove water
and other volatile impurities and to concentrate the DMSO, and evap-
orating the concentrated DMSO as an overhead distillate to free
the DMSO of dissolved impurities. The evaporator temperature, the
column pressure, and the reflux ratio were controlled to obtain
the desired concentration of DMSO in the evaporator an' distillate.
In general the DMSO was concentrated to 95 - 98% while -he distillate
contained less than 0.01% DMSO. The concentrated DMSO was collected
in storage tanks and then later fed to the evaporator where it was
evaporated as an overhead product and collected as 85 - 86% DMSO.
(Note: The remaining 14% of this distillate is water which enters the
system through the evaporator circulation pump packing gland.)
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Detailed Procedure (Reference Figures 26 and 27)

Receiving Explosives

Crude RDX and H14X were individually received at the Building
C-6 pilot plant in nutsches. The explosives had been filtered,
washed, and dewatered prior to receipt. Upon receipt each
nutsche was sampled and analyzed by liquid chromatography (L.C.)
for composition and moisture content, This information was
used for determining the amounts of explosives to be added
to feed batches. The crude explosives were stored in the
nutsches until used.

Receiving and Storing DMSO

DMSO was received at the pilot plant in 55-gallon (.208 m3 )
drums as packaged at the supplier. Since the drums received
from the solvent storage building (Quonset Hut 133) normally
contained frozen DMSO, enough was kept at the pilot plant
to allow time for thawing. Normally, 5 - 10 drums were
received at a time.

Preparing Evaporator Feed

Feed batches were prepared in the slurry mix tank. Crude
explosives, a recycle solvent stream, and make-up DMSO were
all charged to this tank to produce a desired ratio of ex-
plosives to DMSO in the final mixture. The calculations
required to determine the ratios of the various streams to
each other involved the use of the temperature/solubility
relationships presented in graphical form as Figure 23 and
Figure 24. Equations were developed based on these relation-
ships and programmed into a Texas Instruments (TI-59) cal-
culator to facilitate the calculations performed at the pilot
plant. The equations derived and a typical calculation are
presented in Appendix C. In general the steps followed in
making a typical feed batch are as follows:

1. Charge 30 - 45 gallons (0.11 - 0.17 m3 ) of recycle solvent
to the slurry mix tank. While agitating, sample the
recycle solvent and analyze for percent explosives,
percent DMSO, and % water.

2. Using the analysis of the recycle solvent and the crude
explosives moisture content derived previously, perform
the mixing calculation to determine the weights of wet
explosives and make-up DMSO to be charged.
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3. Using a shovel or scoop, transfer wet explosives from
a nutsche into a plastic bag or bucket. Using the
weigh scales provided, weigh out the proper amount and
then charge the explosives to the slurry mix tank.

4. Weigh the make-up DMSO into plastic buckets and charge
this to the slurry mix tank.

j. Agitate the mixture until homogeneous.
6. Transfer the mixture to the evaporator feed tank.

The evaporator feed tank was used only for hold-up of the
feed mixture prior to feeding to the evaporator. (Although
the evaporator feed tank has provisions for heating the feed
material, this ptocedure was discontinued after initial
plugging problems were experienced in the evaporator feed
system caused by the circulation of the hot, 90 - lO0OC
(363 - 373 K) material.) The cold feed material was cir-
culated in a continuous pump loop to the evaporator. A
take-off for feeding the material to the evaporator was pro-
vided at the evaporator.

Concentrating the Solvent in the Feed Solution

Due to the decreasing solvent power of DMSO for ooth RDX
and HMX with increasing water content, the extra water
which enters the system with the explosives must be removed.
Solvent is co,;centrated to 85 - 95% DMSO (solids free basis)
which is high enough to dissolve all the explosives and to
increase the efficiency of the process. Solvent concentra-
tion was accomplished using the evaporator/rectifying column
system. The evaporator feed material was metered to the
evaporator which was operated at 100 - 150 mm Hg (13.33 kPa)
and 80 - 90 0C (353 - 363 K), The water-rich vapor from
the evaporator passed through the rectifying column and
became richer in water as it approached the top of the column.
The condensed liquid exited the top of the column with only
a trace (less than 0.01%) of DMSO detectable. A reflux ratio
(L/D) of 1/3 was required to achieve this result.

Crystallizing in the CNCPR System

Many experiments using the CNCPR system and several modifi--
cations of the CNCPR system were performed for the purpose
of identifying the basic process conditions which would allow
production of the required classes of explosives intermediates.
After these basic conditions were discovered, system variables
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were manipulated in order to optimize the production rate
of the particular product within the physical constraints
of the equipment. During the initial experimentation, the
CNCPR system required several modifications to allow effi-
cient production of the various explosives intermediates.
These different systems are presented graphically in Figure
25 and are briefly described as follows:

Basic CNCPR System- The basic CNCPR system, as designed,
uses two independent crystallizers and a common dissolver.
Saturated or sigjhtly unsaturated 80 - 900 C (353 - 363 K)
feed material irom the evaporator, which consists of a
solution of explosives, DMSO, and water containing no un-
dissolved material, is fed at a controlled rate to the
65 - 750C (338 - 348 K) dissolver, The dissolver material
is continuously circulated to each crystallizer at indepen-
dently controlled rates. Nucleation and growth takes place
in the crystallizers due to the increase in supersaturation
which occurs as the warm dissolver solution cools in the
crystallizers which are maintained at 35 - 450 C (308 - 318 K).
Cooled, saturated solution, containing excess nuclei and fines,
overflows from the crystallizers back to the dissolver where
it is reheated to the dissolver temperature causing dissolu-
tion of the nuclei and fines. The feed rate to the dissolver
is controlled to maintain an explosives concentration such
that the solution is unsaturated by at least 50C (5 K).
Product crystals are periodically removed from the crystallizers
at variable timed inter-als. The length of the inteyval
determines the average residence time of crystals in the
crystallization environment and thus helps control particle
size distribution of the product. The variables besides
the particle residence time which most affect the product
PSD and throughput rate are the dissolver/crystallizer cir-
culation rate and the dissolver explosives composition.

CNCPR-MOD-I - The first modification of the basic CNCPR
system attempted was CNCPR-MOD-I. The difference from the
basic configuration is that instead of feeding evaporator
solution to the dissolver, feed material is introduced
directly to the crystallizers with the feed point in the
crystal bed. This produces a much higher localized super-
saturation in the crystallizer and therefore a higher
crystal growth rate is potentially possible.

CNCPR-MOD-2 - This modification is similar to CNCPR-MOD-l
in that feed is introduced directly to the crystallizers.
However, the dissolver/crystdllizer circulation loop is
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not used. In this system the production of fines and nuclei
is not controlled and therefore the PSD of the product is
affected mostly by the feed rate and the crystal residence
time.

CNCPR-MOD-3 - The distinctive feature of this modificationis the purposeful addition of water to the crystallizer.
Otherwise, CNCPR-MOD-3 is the same as CNCPR-MOD-2. The addi-

tion of the water dilutes the DMSO and reduces its solvent
power with a r...t~nt precipitation of many very small
particles. The a•2'+ic2 of water is controlled to produce
a desired final concenL,, **;n of DMSO in the diluted solvent.
The water addition exerts ti. zingle highest effect on the
product PSD with the feed rate , imarily affecting only
production rate.

Crystallizing by Dilution

The dilution crystallization experiments performed in the
pilot plant basically involved quenching hot DMSO/explosives
solutions with cold water to precipitate fine PSD's of
explosive crystals. The procedures attempted with RDX are
as follows:

1. Hot feed material was added to an agitated crystallizer
initially containing a heel of cold water. Feed was
continued with agitation until the DMSO concentration
in the crystallizer was 40 - 60%. When this point was
reached, water addition was begun so that the ratio of
water to feed would maintain the 40 - 60% DMSO concen-
tration in the crystallizer. When the level in the
crystallizer reached the operating level, continuous
product removal was begun at a rate which would maintain
the operating level. The temperature in the crystallizer
was not controlled for these experiments.

2. Same as "a" except the water heel was initially 700C
(343 K),

3. Hot feed material and cold water were mixed in the
crystallizer feed line in a ratio which produced a
45 - 65% DMSO concentration and then the mixture was
piped directly to an agitated crystallizer. The batch
was then heated to 700C (343 K) and aged for 10 - 30
minutes (0.600 - 1.800 ks) prior to filtration.

4. Same as "c" except that the batch was not heated to 700C
(343 K) prior to the age.

Holston Defense Corporation 22 Kingsport, Tennessee



Technical Report No. HDC-58-80

5. Hot feed material and cold water were mixed in the
crystallizer feed line in a ratio whicn produced an
initial DMSO concentration of 65%. The batch was
accumulated in an agitated crystallizer and aged for
10 - 30 minutes (0.600 - 1.800 ks). Additional water
was then added to the crystallizer so that the final
concentration of DMSO in the liquid was 45 - 50%.
The batch was then dropped to the filtration equipment.

The procedures attempted with HMX are as follows:

1. Hot feed material and cold water were mixed in the
crystallizer feed line in ratios which produced an
initial liquid concentration of 65 - 80% DMSO. The
mixture was accumulated in a crystallizer and agitated
for ten minutes., A second addition of water reduced
the DMSO concentration to 45 - 55% before filtration
of the product fines.

2. Hot feed material was metered into an agitated heel
of 95 - 1000C (368 - 373 K) water until the DMSO con-
centration was 20 - 25%. After a 20 minute (1.200 ks)
age at 950 C (368 K), feed material and water were
added separately to the crystallizer at a ratio which
produced 20 - 25% DMSO in the mixture, The product
slurry was continuously removed at a rate which held
the crystallizer volume constant. Crystallizer tem-
perature was maintained at 950 C (368 K) throughout the
run.

3. Same as "b" except the heel contained beta-HMX seed
material.

4. Hot feed material was metered into an agitated heel of
95 - 980C (368 - 371 K) water containing beta-HMX seed
material. Thr resulting mixture containing 15 - 20%
DMSO was 3ged for thirty minutes at 950C (368 K) and
then cooled rapidly to 500C (323 K). The batch was
then dropped at 50°C (323 K) to filtration equipment.

5. Hot feed material and cold water were simultaneously
metered into a agitated heel of cold water containing
beta-HMX seed material. The final mixture containing
approximately 25% DMSO was heated to 970C (370 K), aged
for 30 minutes (1.800 ks), cooled to 500 C (323 K), and
then dropped to the filtration equipment.
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6. Hot feed material and cold water were simultaneously
metered into an agitated heel of cold water contain-
ing beta-HMX seed material. The feed was continu•ed
until the fini! mixture DMSO concentration was approxi-
mately 30%. At th'! point the feeds were stopped and
the mixture was heated to 950C (368 K) and aged for
30 minutes (1.800 ks). After the age period, the feed
and water were restarted in a ratio which produced a
DMSO concentration of appruximately 45%. ProductK slurry was continuously removed at a rate which held
tthe crystallizer volume constant.

7. Sane as "e" except a heel of the material was retained
iin the crystallizer as seed for the next batch. Up to
eight consecutive batches were run and the remaining
product was filtered. New series were started by adding
new seed material.

8. Same as "e" except no seed material was used,

Decanting Coarse Product Slurry

Coarse explosives were periodicilly removed from the crystal-
lizer into 2.5 gallon (0.0095 mj) plastic buckets. Approxi-
mately 1.5 - 2 gallons (0.0057 - 0.0076 m3 ) of product slurry
were removed during each cycle. The slurry ideally contained
40 - 50% solids by volume and 50 - 60% spent mother liquor.
After a brief settling period of 3 - 10 minutes (180 - 600 s)
was allowed, the liquor was carefully decanted by pouring it
into the mother liquor receiver., The heavier solids which
remained in the bucket along with the remaining liquid were
diluted and reslurried with enough water so that the slurry
could be poured, The material was then manually poured onto
the first wash screener.

Washing Coarse Explosives Products

Reslurried, coarse product explosives from the decant were
poured onto the first wash screener. The water spray (0.5 -
2% DMSO) used with this screener removed most of the remain-
ing DMSO from the product crystals. Precipitated fines,
reslurry water, and wash water which passed through the
screen were collected in filter #2. Fines were washed with
additional clear water and stored as an impure fines fraction.
The filtrate was transferred to the waste solvent storage tank.
Coarse product overflow from the first wash screen passed
to the second wash screen equipped with another 325 mesh

Holston Defense Corporation 24 Kingsport, Tennessee



Technical Report No. HDC-58-80

screen where it was exposed to a cledn water spray wash
for removal of most of the remaining DMSO. The combined
overflow and underflow from this screener was collected
in filter #3, given a fi'nal clean water wash, dewatered,
sampled and stored as final product. The filtrate con-
tairing the wash water (0.5 - 5% DMSO) was transferred to
the condensate holding tank, combined with fractionating
column distillate, and used for first wash water.

Screening, Washing, and Filtering Fine Explosives Products

Fine explosives from either batch or continuous processes
were fed at controlled rates directly to the first wash
screener. A water spray was used to promote efficient
wet screening of the fines through the 325 mesh screen and
to provide a product wash. The overflow from the first
wash screener (if any) passed to the second wash screener
also equipped with a 325 mesh screen and a water spray.
The underflow from each screener was collected in filter
#2 and filter #3, washed again with water, dewatered, and
combined as the final fines product. "Overs" (if any) from
the second wash screen were sampled and then placed in waste
explosive containers for burning. Filtrate from both filters
was transferred to the waste solvent storage tank.

Processing Recycle Solvent

Liquid from the decant process along with excess dissolver
material was collected as mother liquor in the mother liquor
receiver. This material was transferred to the recycle DMSO
receiver for processing or reused directly for making new
feed batches as will be explained later. Processing in the
recycle DMSO receiver involved cooling the liquid as much as
possible to precipitate some of the remaining dissolved
explosives. The precipitated solids were allowed to settle
out in this tank while the bulk of the cold, saturated liquid
overflowed to the recycle DMSO holding tank. This processed
recycle solvent was then reused from the holding tank as
required. The solids which precipitated in the recycle DMSO
receiver were accumulated until removal was required, The
solids were filterea and washed in filter #4.

Purging of solvent to remove impurities other than explosives
was accomplished by transferring part of the processed
recycle DMSO to the waste solvent storage tank where the
remaining explosives were precipitated by dilution and the
weak DMSO solution held for recovery. The purge was automa-
tic since all feed batches made included a percentage of new,
make-up DMSO.
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Initially, all the spent solvent which was to be recycled
was processed before reuse. The idea for the processing
was to remove sc,.e of the remaining explosives by additional

Scooling of the spent crystallizer solvent. Tne explosives
removed would be 3 relatively impure fines product since the
minor explosive component would concentrate in this stream.
Because the solubility of both RDX and HMX %n DMSO is similar,
the resulting concentration of the minor explosive component
would be approximately 5Q%. For example, crude RDX contains
approximately 10.% HMX a; an impurity. During recrystalliza-
tion in D14S0, this HMX remairs in solution until its satura-

spent solvent stream by cooiing and decanting (ano/or filtra-

tion) removec the HMX component before recycle and thus does
not allow it to build up. Tnerefore, the RDX product can be
obtained 98 i-OM' pure.

Experimental results 'indicated that the R1.X impurity in
crude HMX was normally only present at levels below 31.
Calculations led to the corclusion thaL the 15% solvent purge
rate was high ernough tc keep the level of RDX in the product
well below the desired limits and that processing the recycle
solvent wojld only lower the overall efficiency of the 'e-
crystallization process. In the case of RDX, HMX impurities
are not considered detrimental to the perforiiance of the
final products. The only good reason for removing it is if
there is interference with the crystallization process. No
evidence of such interference , was discovered; theretore,
most recycle solvent processing was eliminated and the spent
crystallization solvent containing dissolved and precipitated
explosives was reused directly. Processing of material removed
as purge was continued to reduce the loss of explosives as
waste.

Recovering Solvent

Due to cost considerations, separate solvent recovery equip-
ment was not purchased for the pilot plant. instead, the
evaporator/rectifying column systenm was designed so that it
could be usea on a limiied basis to reconcentrate the DMSO
contained in the w',ste solvent so that it could be reused
for recrystallizat:0r1.

Weak DMSO soIutiofl collected in the waste solvent storage
tark was generated as a result of the solvent purge and the
aCcumulation of the filtrate from the product wash. The
liqu;d po.-tion of this material usually contained 10 20%
DMSO, 20 - 901 water, and traces of other accumulated
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impurities such as acetic acid, soluble nitramines, fly
ash and oil. The solids (1 - 2% of the total) were mostly
explosives contaminated with fly ash and other insoluble
impurlties, The waste solvent was filtered to remove the
solids and the clear liquid collected as feed for the re-
concentration. The DMSO in this stream was concentrated
by feeding the weak DMSO solution to the rectifying column
using the evaporator as the i-eboiler. The evaporator was
initially filled with feed solution and then the operating
pressure, 75 mm Hg (10 kPa), was established in the system.
Evaporator temperature was increased to the boiling point
of the weak DMSO/water solution and the column was allowed
to reach its equilibrium temperature. The reflux control
was activated and water and other volatile impurities were
removed from the top of the column as distillate. The set-
point temperature for the reboiler, 90 0 C (363 K), corres-
ponded to the boiling point of 98 - 99% DMSO. Until the
set-point temperature was reached, the reboiler level was
held constant by adjusting the feed rate to the column.
When equilibrium was established, i.e., the reboiler set-
point temperature was reached, the column feed rate was
maximized by adjusting it so that the reboiler temperature
remained constant. A draw-off of reboiler material was be-
gun at a rate which maintained a constant reboiler level.
The draw-off material was stored as reconcentrated DMSO.
Feed to the column was continued until exhausted. The dis-
tillate and bottom draw-off were periodically sampled and
analyzed for percent DMSO by liquid chromatography. The
1/3 reflux ratio was the same as that used for feed pre-
paration and resulted in a distillate concentration of 0.01%
DMSO or less.

Since the reconcentrated DMSO from the fractionation also
contained the non-volatile impurities which could not be
removed by filtration, the decision was made to recover
the DMSO from this stream a% a distillate leaving these
non-volatile impurities in the still as a sludge. The
evaporator/rectifying column system was also used to accom-
plish this final distillation. Distillation was begun using
the heel of reconcentrated DMSO left from the fractionation.
The reflux control was adjusted for "no reflux" so that all
the condensate was removed at the top of the column. The
conditions used allowed the system to operate at maximum
output, i.e., the steam supply to the evaporator was maximum
and the pressure was minimum. The feed material was intro-
duced to the evaporator at a rate controlled to hold the
level constant. Distillate was collected from the top of
the column and placed in used DMSO drums. After completing
the distillation the sludge left in the evaporator was trans-
ferred to the waste solvent storage tank.
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RESULTS

Recrystallization of RDX in the CNCPR Systems

The information presented in Table 2 describes the experimental
conditions and procedures followed during the evaluation of
various CNCPR processes for recrystallizing RDX, Table 3
presents the calculated results of each experiment.

Recrystllization of RDX in the Dilution Crystallizer System

Table 4 describes the experimental conditions and procedures
attempted during RDX/dilution crystallization experiments.
Table 5 presents the calculated results of these experiments.

Analytical Results of Recrystallized RDX Samples

Tables 6, 7. 8, 9 and 10 present analytical results of tests
performed on samples of the recrystallized RDX from the various
recrystallization processes. Table 11 presents the results of
additional analytical tests performed on selected representative
samples from various experiments.

Recrystallization of HMX in the CNCPR Systems

Table 12 describes the experimental conditions and procedures
used during the evaluation of various CNCPR processes used to
recrystallize HMX. Table 13 presents the calculated results
of each experiment.

Recrystallization of HMX in the Dilution Crystallizer System

Table 14 describes the experimental conditions or procedures
attempted during HMX/dilution crystallization experiments.
Table 15 presents the calculated results of these experiments.

Analytical Results of Recryastallized HMX Samples

Tables 16, 17, 18 and 19 present analytical results of tests
performed on samples of the recrystallized HMX from the various
recrystallization processes. Table 20 presents the results of
additional analytical tests performed on selected representative
samples from various experiments.

HMX Recrystallization Process Material Balances

Tables 21 and 22 present material balance information for
15 lb/hr (1.89 g/s) and 30 lb/hr (3.76 g/s) HMX/CNCPR systems,
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respectively. Table 23 presents the material balance for a
7 lb/hr (0.88 g/s) HMX/dilution crystallization system. Flow
stream numbers refer to Figure 26.

RDX Recrystallization Process Material Balances

Tables 24 and 25 present material balance information for
20 lb/hr (2.52 g/s) and 35 lb/hr (4.41 g/s) RDX/CNCPR
systems, respectively. Table 26 presents the material
balance for a 28 lb/hr (3.53 g/s) RDX/dilution crystallization
system. Table 27 is a material balance for a 45 lb/hr (5.67 g/s)
RDX/CNCPR-MOD-3 crystallization system. Flow stream numbers
refer to Figure 26.

Solvent Recovery Material Balances

Figure 27 presents the material balance for the pilot plant
solvent recovery system.

Process Capability Estimates

Feed Preparation System

Feed for explosives crystallization systems using DMSO can

be produced efficiently in a feed preparation system similar
to the pilot plant system. The pilot system consists of a
mixing tank, an evaporator feed tank, a vacuum evaporator
equipped with a rectifying column, condenser and reflux
controls. The water entering the process in the crude
explosives as well as the pump packing gland water can be
effectively removed with very low solvent losses by evap-
oration and rectification of the vapor with reflux. Water
removed from the top of the column can be expected to contain
0.01% (or less) DMSO.

CNCPR Crystallization System

Both RDX and HMX can be crystallized from DMSO using the CNCPR
configuration. This system is most effective for producing
Classes 3 and 4 explosives PSD's with through-put efficiencies
of 65 - 80% and 60 - 80% of theoretical yield for RDX ard HMX
respectively. Production rate of 15 - 18 lb/hr (1.89 - 2.27 g/s)
can be 'xpected for both RDX and HMX produced in a CNCPR system
using ;, single 9.5-gallon (0.036 m ) crystallizer.

CNCPR-MOD-l Crystallization System

RDX PSD's ranging'from nominal Class 1 RDX (too large for
actual Class 1 RDX) to a nominal Class 3 RDX (too large for
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actual Class 3 RDX) can be crystallized from DMSO using the
CNCPR-MOD-l configuration. Production ra es of 14 - 18 lb/hr
(1.76 - 2.27 g/s) per 9.5-gallon (0.036 in) crystallizer and
efficiencies of 46 - 56% of the theoretical yield can be
expected with this .ystem.

HMX PSD's ranging from Class 1 HMX to nominal Class 3 HMX
(too large for actuai Class 3 HMX) can be crystallized from
DMSO using the CNCPR-MOD-l configuration. Low production
rates in the range of oily 5 - 10 lb/hr (0.63 - 1.26 g/s)
per 9.5-gallon (0.036 m ) crystallizer and efficiencies
averaging 60% of the theoretical yield can be expected.

CNCPR-MOD-2 Crystallization System

RDX PSD's ranging from nominal Class 1 RDX (too large for
actual Class 1 RDX) to actual Class 3 RDX can be efficiently
crystallized from DMSO using the CNCPR-MOD-2 configuration.
Producti n rates averaging 21 lb/hr (2.65 g/s) per 9.5-gallon
(0.036 m3) crystallizer and efficiencies averaging 52% of
the theoretical yield can be expected.

Although HMX was not recrystallized using this system, it
is expected that results would show that the same general
classes of HMX could be produced as with RDX, However,
slightly lower production rates and efficiencies should
be expected with HMX compared to RDX.

CNCPR-MOD-3 Crystallization System

RDX Class 1 can be efficiently cry'tallized from DMSO using
the CNCPR-MOD-3 configuration. Production rates f~om 45 -
50 lb/hr (5.67 - 6.30 g/s) per 9.5-gallon (0.036 m ) crystal-
lizer and efficiencies of 75 - 80% can be expected.

Although HMX was not crystallized using this system, it is
expected that the same general results would be obtained as
with RDX.

RDX Dilution Procedure "a"

RDX Class 7 can be efficiently crystallized from DMSO using
RDX Dilution Procedure "a". Production rites of 40 - 50 lb/hr
(5.04 - 6.30 g/s) per 9.5-gallon (0.03C m ) crystallizer and
effic~tncies of 90 - 95% can be expected.
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RDX Dilution Crystallization Procedure

Class 5 RDX can be crystallized from DMSO by precipitation
from an RDX/DMSO solution using water as the diluent. A
batch procedure similar to "RDX Dilution Crystallization
Procedure 'e'" can be expected to yield a 95% efficiency
(95% of theoretical yield). Production rates oý 14 lb/hr
(1.76 g/s) of Class 5 RDX per 6-gallon (0.023 m ) (working
volume) crystallizer can be expected.

HMX Dilution Crystallization Procedure

Class 5 HMX can be crystallized from DMSO by precipitation
from an HMX/DMSO solution using water as the diluent, A
batch procedure similar to "HMX Dilution Crystallization
Procedure 'g'" can be expected to yield 70 - 95% efFiciency
as a percent of theoretical yield). Production rates of
5.1 - 7.0 lb/hr (0.64 - 0.88 g/s) of Class 5 HMX per 7
gallon (0.026 mi) (working volume) crystallizer can be
expected.

Recrystallized Intermediate Product Quality

All RDX crystallized in "cooling - only" systems, i.e.
CNCPR, CNCPR-MOD-l, and CNCPR-MOD-2, can be expected to
exhibit an improvement in purity over the crude RDX charged.
Purities for RDX crystallized this way generally ranged
from 97 - 99% RDX compared to the 90 - 93% crude RDX input.
The HMX impurity is concentrated in the fines and waste
explosives streams. Classes 5 and 7 RDX produced by
dilution procedures can be expected to exhibit purities
which, in general, are approximately the same as the
starting RDX purity. Class I RDX 9roduced in the CNCPR-MOD-3
system shows a slight purity enhancement to the 95 - 96%
RDX range.

Particle size distributions of all RDX crystallized in any
of the CNCPR systems can be expected to be narrower and
contain fewer fines than the usual distributions obtained
from the evaporative crystallization processes used at
HSAAP. Other physical properties of the RDX produced in
these systems are comparable to RDX produced by current
methods.

All HMX crystallized in "cooling-only" systems can be expected
to exhibit purities of 99.5 - 100% HMX compared to the 98 + %
crude HMX charged. HMX crystallized by dilution, like the
RDX produced this way, can be expected to yield purities which
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are approximately the same as the purity of the starting
material.

Particle size distributions of HMX crystallized in any of
the CNCPR systems are narrower than HMX crystallized using
current methods. Other physical properties of HMX crystal-
lized from OMSO are comparable to HMX produced by current
methods.

Recrystallized Product Retrieval Techniques

Retrieval of product from the crystallizers can be accomplished
by concentrating thecrystals in the bottoms of the crystal-
lizers using agitation control followed by the removal of
a controlled volume of this thickened slurry on timed intervals.
Coarse products can be removed with a high degree of efficiency
with very little or no loss of product by way of the crystal-
lizer overflow. The finer PSD's are much harder to concentrate
in the crystallizer resulting in lower process efficiencies
compared with the coarser product processes. It is expected
that agitation improvements and a physically larger crystal-
lizer will improve the effectiveness and efficiency of this
product removal technique for all explosives PSD's,

Product Decant, Washing, and Filtration Systems

Decantation of the spent liquor from the solids removed from
the crystallizers can be used to provide a very efficient
and effective initial solids/liquid separation. Reduction
of the solvent content of the solids to an acceptable level
can be accomplished by reslurrying the solids wich water,
feeding the thick slurry to screening equipment, washing
the material on the screen using water sprays, and collecting
the product solids in filtration equipment for a final water
wash. It is expected that use of continuous filtration
equipment will improve the solids handling capability of
this system apd reduce the overall residual solvent content.
However, reductior, of the solvent content of the product below
the levels obtained in the pilot plant using only the same or
similar screening and filtration equipment is doubtful.

Solvent Recycle System

Spent solvent from the crystallization can be recovered and
recycled directly to the feed preparation system without
processing. The buildup of the minor explosive component
in this recycle stream does not adversly affect the product
purity partly because of the 15 - 20% purge of the recycle
stream.
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Accumulation of other impurities in the system detrimental
to explosives crystallization was not observed during the
pilot operation. It is expected that large scale systems
will require a purge rate no greater than that used in the
pilot plant to achieve purity comparable to the pilot plant
levels. Control of the buildup of detrimental impurities
will be accomplished as a side benefit of the solvent purge.

Solvent Recovery System

!. is expected that a solvent recovery system can be developed
based on the recovery procedure carried out in the pilot
plant. The first step of the procedure includes, after an
initial filtration, an evaporative, vacuum distillation which
removes the water as a relatively solvent-free distillate
and concentrates the DMSO to 95 - 99%. The distillate from
this step also contains trace amounts of other volatile impurities.
Non-condensible, volatile impurities are scrubbed out in
the vacuum system. The concentrated bottoms stream contains,
besides DMSO, all the solids, including explosives. The
second step includes as a minimum, the evaporation of the
concentrated DMSO from the bottoms stream as an overhead
distillate to obtain a purity level as high as 90 - 95% DMSO.
This recovered solvent stream can then be used directly as
make-up solvent for the recrystallization processes. The
evaporator bottoms contain all non-volatile impurities,
including explosives. Some of these impurities can be
filtered from the stream after precipitation by water dilution.

DISCUSSION

Equipment Performance

With only a few exceptions, most of the mechanical pilot plant
equipment performed satisfactorily throughout the evaluation.
Some equipment changes were actually made and evaluated during
the pilot effort. Other potential improvements in mechanical
equipment were simply noted as requiring changes to be evaluated
later. Process control instruments also performed well. The process
control liquid chromatograph performance was poor. Table 28 provides
a listing of items which performed unsatisfactorily or required
mechanical or process changes to make them usable or satisfactory.
Further discussion of some of the mechanical problems is included
in the Process Performance Section.

Process Performance

The basic pilot plant processes, with a few exceptions as noted,
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performed very much as designed. Some changes were required,
however, because of mechanical problems which could not be
overcome or because of system interactions as changes made
in one sub-system affected another sub-system. For example,
early experiments with the particle size separation screener
revealed that with the equipment available, product particle
size separation was an impractical approach. Thus, process
modifications were required so that all the product particle
size distributions could be produced by direct crystallization
techniques. This change in the basic project philosophy will
not be discussed since it cannot be evaluated until the original
idea itself is evaluated and compared to the results of the
pilot work actually accomplished. However, the following
discussion will attempt to provide some insight as to the logic
behind the changes made as those processes actually evaluated
in the pilot plant evolved from the original process designs.

Feed Preparation Process

The feed preparation process did not suffer from any major
process design problems. Most of the changes required in
this system were mechanical in nature and are listed in
Table 28. The only process change actually made involved
the feeding of cold rather than hot feed to the evaporator
feed circulating line. Initially, the switch to cold feed
increased the heat load on the evaporator and severely
reduced its capacity. However, reduction of the pump
packing gland water flow was sufficient to allow the
evaporator to function with the capacity required to
support crystallization.

The point must be made that although the feed preparation
functioned well and was able to remove the unneeded extra
water from the process feed stream, there is one major flaw
in the process which will require refinement through further
investigation and experimentation. Because of the "on/off"
nature of the crystallization systems fed by the evaporator,
the evaporator and column were constantly under variable
load (usually either "no-load" or "full-load"). Besides
inefficiency in the column, this caused some fluctuations
in the feed composition which were not detected until the
crystallization system reacted to the particular change.
A possible solution would require the preparation of feed
"batches" while operating the evaporator system batchwise
at maximum efficiency. This would require intermediate
storage of the prepared feed for later use in the crystal-
lization system.
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CNCPR Crystallization Process

The crystallization systems themselves as expected, provided
the greatest challenge of all the areas of the pilot evaluation.
The physical limitations of the crystallizers, i~e., relatively
low cooling capacities and poor agitation, combined with the
other mechanical problems discovered, produced situations which
could only be partially overcome by manipulating the other
process variables. The CNCPR system in principle performed
very much as expected. However, there were several unanticipated
factors which complicated the system and made it difficult
to control.

One such factor which was recoqnized during the early experimenta-
tion was the dilution of dissolver material by water entering
through the dissolver/crystallizer circulation pump packing
gland. At first glance this does not appear to present a major
obstacle to the success of the CNCPR crystallization system.
It was, however, the root problem which interacted with other
minor difficulties and situations to create a very complicated
contrul problem that was never satisfactorily resolved. This
interaction will be explained later. The obvious adjustment
needed to counteract the constant dilution of the DMSO in the
dissolver by the gland water is to increase the DMSO concentration
in the feed solution by raising the evaporator temperature.
This was done in the pilot plant but, as will be shown, did
not provide a complete solution to the problem.

Another unanticipated factor was the inability to obtain reliable
dissolver composition analyses capable of providing the necessary
feedback for controlling the dissolver saturation. The lag-time
between sampling and receiving the analyses was partly responsible.
But, mechanical and procedural weaknesses in the liquid chromato-
graph and the LC procedure itself also contributed to the overall
process limitations. Because of this "limited-capability"
situation, alternate process control techniques had to be used
which relied heavily on calculated material balance information
plus visual observations of the dissolver and crystallizer material
itself.

The successful production of coarse PSD's in the CNCPR crystal-
lization process as well as the control of the process is depend-
ent on the ma-itenance of an unsaturated condition in the dissolver.
The unsaturated condition ensures that fines and nuclei returning
from the crystallizer are dissolved and are not fed back to the
crystallizers. Also, the unsaturated feed entering the crystal-
lizer environment ensures that minimum nucleation and maximum
growth rates will result. Control of the CNCPR was usually lost
as the explosives concentration in the dissolver approached
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the saturation point at the existing dissolver tempera-
ture and DMSO concentration. The rise in saturation point
was not readily detectable by the operators and usually
occurred due to a combination of product removal variations
in the crystallizers and high feed rate to the dissolver. The
usual response of the operators when this situation was dis-
covered was to reduce or stop the feed to the dissolver or
crystallizers in order to force tie dissolver saturation back
into an unsaturated condition. Because of the interaction of
the pump packing cland water, this response proved to be too
late to prevent upsetting the crystallizers. Because the
inflow of packing gland water to the system was constant,
the DMSO concentration began to fall when the feed was shut
off. This caused precipitation of more fines in the
dissolver and a general worsenfng of the condition. The
response of the crystallizers included very fast depletion
of the crystal bed and a very marked decrease in the average
particle size of the decreasing amount of product removed.
Eventually, though, enough material was removed from the
crystallizers as product so that the dissolver saturation
did drift back into an unsaturated condition. This became
apparent to the operators when the crystallizer overflow
began to show fewer fines and the dissolver material was free
of solids. Also, the quantity and quality of the product
removed from the crystallizers began to improve.

When improving conditions were observed, the feed to the
dissolver was restarted to regain ncrmal operating conditions.
However, as soon as the feed was restarted, the DMSO concentra-
tion in the dissolver began to rihe resulting in an increasing
solubility for exDlosives and thus a continued decreasing
dissolver saturation point. The resulting effect on the
crystallizers was again a very fas: depletion of the crystal
bed although for a different reason. After feed was maintained
to the dissolver for a sufficient period of time to allow
the DMSO concentration to stabilize, the explosives saturation
climbed to a level sufficient to allow the crystal bed to
rebuild. Eventually control of the system was reestablished
resulting in continued production of good quantities of high
quality products.

Detection of the approaching critical dissolver saturation
condition by the operators was almost impossible. The first
indicator was the presence of a greater than usual number of
fines and nuclei in the crystallizers which produced a milky
appearance. A decreasing percentage of solids in the product
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stream was observed shortly thereafter suggesting depletion
of the crystal bed. As stated previously, if the CNCPR
conditions deteriorated to this point, it was already too
late to reverse the process and save the experiment. The
order of the events described above could not then be
altered and there was no choice but to follow the outlined
procedure to reestablish control.

Reasoning applied to this problem led to the deduction that
there existed only two possibilities for improving this
situation. First, eliminating the circulating pump gland
water altogether would allow quick recovery if control was
lost since no dilution of the dissolver contents wouid
occur. Second, improving the capability to detect saturation
condition changes in the dissolver would help prevent over-
saturation in the dissolver and thus eliminate loss of
control itself. Because the existing HDC safety regulations
require the use of packing giand flush Water for all explosives
processing pu,,gs, the first possibility was eliminated. Thus,
changes in tho' proce•,s were made to allow dissolver saturation
condition changes to be detected before the critical saturation
condition was reached. This was accomplished as follows:

1. Only one of the crystallizers at a time was used forcrystallizing in the CNCPR system.

2. The second crystallizer was held in idle status with
the cooling water off and dissolver material circulating
through it.

3. The "saturated" or "unsaturated" condition of the dissolver
was monitored visually by the operators by simply noting
the presence or absence of cloudy solution or fine crystals
in the idle crystallizer.

The processing change described above greatly reduced the
incidence of complete loss of control due to oversaturation
in the dissolver and allowed much longer runs without the
same types of major process upsets. However, refinements
of the overall process to provide an even greater degree of
process control or to eliminate the control problems will be
required before the continuous CNCPR system can be investigated
in enough detail to fully characterize or exploit its potential
as a coarse explosives crystallization system.

Modified CNCPR Crystallization Processes

Because of the basic control problems with the CNCPR system,
various changes in the process configuration were evaluated
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in order to simplify the system and thus improve the control
over product PSD. CNCPR-MOD-1 provides introduction of feed
solution directly to the crystallizers instead of the dissolver.
This system experienced the same basic control problems during
evaluation as the CNCPR system and the introduction of feed
directly to the crystallizers actually produced a detrimental
effect on particle growth rates. The quick cooling of the
hot saturated feed in the crystallizer environment produced
many fines and the resulting median crystal size was relatively
small. The extra heat load on the crystallizers reduced the
system potential since the resulting crystallizer temperatures
were higher than the CNCPR system. The calculated efficiency
of this system was high but this is misleading since the effi-
ciency is simply a measure of the fraction of "system" potential
obtained. The CNCPR-MOD-I system offers no real or potential
theoretical advantage over the CNCPR system.

CNCPR-MOD-2'is not actually a CNCPR system at all. Instead
it is a mixed suspension crystallizer with intermittent
product removal. CNCPR-MOD-2 was evaluated primarily for
Class 1 RDX explosives production but was also successful
in producing Class 3 RDX. The control problems of CNCPR
and CNCPR-MOD-I were entirely eliminated because the dissolver/
crystallizer circulation loop was not used. However, the
ability to produce the larger Class 4 particle size was also
sacrificed. Crystallizer temperature could be maintained
lower than either CNCPR or CNCPR-MOD-I which increased the
product rate potential over either system, Good system
through-put efficiencies were attained of about the same
magnitude as the CNCPR system. Like the CNCPR-MOD-I system,
hot, saturated feed solution introduced directly to the
crystallizer environment favors the production of relatively
fine crystals. But, because of the absence of fines control
capability, more of the smaller crystals are retained in the
CNCPR-MOD-2 crystallizer resulting in lower effective growth
rates. The simplicity of this system, the high rate potential,
and the good system efficiency makes it attractive as a nominal
Class 1 or actual Class 3 explosives crystallization system.

CNCPR-MOD-3 is actually a variation of CNCPR-MOD-2. Water is
metered into the crystallizer with the feed solution resulting
in dilution of the solution and lowering of the DMSO con.:en'ra-
tion. The dilution effect precipitates additional fines in the
crystallizer and causes an effective growth rate even lower
than CNCPR-MOD-.2. Product is removed intermittently. This
system was evaluated for production of actual Class 1 explosives
distributions since these could not be achieved by "cooling-
only" methods as in CNCPR-MOD-2. This system had a very high
production rate, high system potential, and high efficiency for
producing Class 1 explosives, As in the CNCPR-MOD-2 system,
the simplicity of the CNCPR-MOD-3 system along with the high
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rate potential and high system efficiency make it attractive
as an actual Class 1 explosives crystallization system,

Another variation of CNCPR-MOD-3 (RDX Dilution Procedure "a")
was originally intended for Class 5 RDX production. Instead
of reducing the DMSO concentration in the crystallizer by
5 - 10% using a small amount of dilution water as in CNCPR-MOD-3,
enough water is added to the crystallizer to reduce the DMS0
concentration by 30 - 40'. The product is removed continuously
by maintaining a constant level in the crystallizer, Evaluation
of this process indicatea that it is incapable of producing
Class 5 RDX but is effective for producing the Class 7 RDX
distribution, A higher system potential than the CNCPR-MOD-3
system and an efficiency comparable to CNCPR-MOD-3 was achieved.
The primary disadvantage of this system, a3 evaluated in the
pilot plant, was the relatively high solvent usage rate compared
to the other CNCPR systems. However, the solvent usage rate
of this process compared to other dilution crystallization
systems was significantly lower. Like the CNCPR-MOD-3 system,
RDX Dilution Procedure "a" is an attractive process due to its
simplicity, high system potential, and high efficiency.

RDX Dilution Processes

The original processes evaluated for production of Class 5
RDX (including RDX Dilution Procedure "a") failed to yield
particle size distributions containing enough sub-325 mesh
material to be practical. These systems included mixing hot,
saturated feed solution and water in ar agitated crystallizer
vessel and removing the product either continuously or as a
batch. Dilution of the feed material to DMSO levels of 30 - 50%
produced product PSD's with a very low percentage of sub-325
mesh material. Additionally, dilution below the 50% DMSO
level proauced large quantities of alpha HMX and very impact
sensitive product. A change in the process to allow instantaneous
dilution of the feed solution to the desired final DMSO concentra-
tion solved the particle size problem and increased the percentage
of sub-325 mesh particles to 90 + %. However, the alpha HMX
content of the product remained high and the product was very
impact sensitive (4 10 cm long impact).

Experimentation with the instantaneous dilution process indicated
that dilution of the feed solution to the 65 + % DMSO level
followed by a brief age of the precipitated material collected
as a batch would convert the alpha HMX to the beta form. Further
dilution of this material to aiy lower DMSO level did not yield
any more alpha HMX. Because a significant quantity of RDX was
still in solution at the 65% DMSO level, yield improvement was
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realized by further dilution of the batch to the 45-50%
DMSO level. The final process (RDX Dilution Procedure "e")
proved to be a very simple process with both high system
potential and high system efficiency.

The primary process limitation with the pilot plant system
was caused by the lack of good agitation in the crystallization
vessels. Because of this problem, the entire volume of the
crystallizers could not be fully utilized. Refinement of
this process and equipment improvements could provide a
system which would have a production rate limited only by
the physical constraints of the equipment, i.e., crystallizer
stze, degree of agitation possible, maximum feed rates avail-
able, and product slurry processing method and rate. The pilot
plart process used vibrating screeners to scalp over-sized
T1aterial from the product stream. The quantity of this over-
sized material averaged only 2 - 5 % of the batch. Therefore,
screening should not be considered as a necessary part of the
process. Separation of spent solvent and product and the
final product wash can be accomplished with equal or higher
efficiency using simple batch or continuous filtration equip-
ment.

HMX Dilution Processes

A two-step dilution procedure similar to the successful RDX
procedure was attempted using hot, concentrated DMSO/HMX
solutions. This procedure produced impact sensitive HMX
containing large quantities of both the alpha and gamma
polymorphs. Subsequent batch and continuous experiments
carried out in the laboratory3 and the pilot plant revealed
that dilution of the HMX feed solution in a crystallization
vessel in the presence of fine beta HMX seed material (Class 5
pump-ground HMX, HGF) produced fine beta HMX with 90-100%
of the batch in the sub-325 mesh size range. However, the
impact values of this material were low (19-22 cm) compared
to standard values (30-32 cm). Further experimentation
revealed that the impact values of material produced this
way could ba improved by heating the batch to 950C (378 K)
and aging for 30 minutes (1.800 ks). Impact values of material
treated in this manner showed increases into the normal range
of 28-33 cm.

Other experiments performed without the HGF seed material
always produced mixtures of alpha and gamma HMX during the
initial dilution. Batches produced without seed at any
temperature followed by a heating cycle resulted in conversion
of the gamma HMX in the mixture to alpha HMX. All the batches
produced without beta HGF seed were impact sensitive. The
quantity and size of beta-HMX seed particles used determined
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the rate of conversion of the ganmna HMX formed during the
dilution to the beta polymorph. The heating cycle andage period allowed stress relief of the "beta-strain" in

the converted beta crystals and thus reduced the sensitivity.

The successful batch process used to produce most of the
Class 5 HMX was HMX Dilution Procedure "g". The process
began by diluting hot, saturated HMX solution in a crystal-
lization vessel containing a 1,7% slurry heel of water andF beta HGF seed material. After the heating and age cycles,

most of thf' product material was removed from the crystallizer.
Part of the product slurry, however, was left as the heel
and to provide seed material for the next batch, Several
consecutive batches were produced using this procedure until
the sub-325 mesh fraction was reduced to a level less than
50% of the batch. The crystallizer was then emptied and a
new series started with new beta HGF seed.

As in the Class 5 RDX process, the Class 5 HMX production
rate was limited by the physical constaints of the crystal-
lizers themselves, i.e., poor agitation prevented utilization
of the entire volume of the crystallizer. During the consecutive
production method employed, the observation was made that
each batch of Class 5 HMX contained an increasing quantity of
material larger than 325 mesh. These "overs" decreased the
yield of each consecutive batch until eventually most of
the batch was too large. In general, the percentage of
material from each consecutive batch that was too large
(> 325 mesh) and had to be screened out as "overs" is as
follows:

Batch No. % Overs

1 0-4
2 0-15
3 20-25
4 28-48
5 30-60
6 40-70
7 > 50
8 > 70

The Class 5 HMX process also used vibrating screeners to scalp
over-sized material from the product stream, Since initial
batches and the first consecutive batch yielded a high percentage
of sub-325 mesh material, screening should also not be considered
a necessary part of this process. Refinements of this process
using more suitable equipment could be made to provide a very
high yield, efficient Class 5 HMX process,
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Product/Solvent Separation, Screening, Washing and Filtration
Processes and Recycle Solvent Processing

The overall performance of the original process for separatinr
the product from spent solvent followed by washing and
separating the product into size fractions was poor, The
poor process performance was primarily due to poor equipment
performance. The initial separation of spent solvent from
product was to be accomplished using a vibrating screener.
Severe blinding of the original 270 mesh screen used and the
120 mesh screen used later forced early abondonment of this
idea. A crude decanting process was substituted which proved
to be very efficient.

Following the product/solvent separation, another screener was
used to provide a primary wash. Blinding of the first screener
caused overflow of spent solvent with the product to the Ist
wash screener and eventual blinding of the screen in this unit,
also. Use of the decant procedure eliminated this problem,

The final screener in the series was originally equipped with
a stack of four screens for separating the product into four
distinct size groups. The separation process was to have
provided a broad capability with several advantages. The
crystallization systems would not be required to provide
exact particle size distributions of explosives meeting existing
specifications for the various classes of explosives. The
particular size fractions chosen could be recombined in ratios
to produce these exact distributions if required. This would
allow optimization of a system of multiple, independent crystal-
lizers for the most efficient production of recrystallized
explosives without regard to the production of specific
distributions. Process variables would be manipulated to
produce specific ratios of coarse to fines which could be
separated and then recombined to meet the total plant demand
for those individual products. Additionally, the system would
have the ability to produce biinodel distributions directly
instead of requiring the blending of other products. A much
more consistent and repeatable PSD of the final products produced
by blending specific particle size fractions would also be
realized.

The screener intended to perform the separation and allow
evaluation of this idea did not function. Each screen in
the stack became clogged with explosives in such a way that
retained product would not discharge. This was attributed
to a poor screen-to-screen flow pattern and insufficient
water flow to each screen. A better design of the screening
equipment or a different arrangement of the same type of
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equipment could possibly salvage the basic elements of this
idea. However, it could not be evaluated during this pilot
plant effort.

The performance of th-e screeners in providing product washing
capability was satisfactory. Water spray nozzles distributed
wash water over the product during its retention on the screen.
Removal of a sufficient percentage of the fine particles
(sub-325 mesh), whicn were precipitated during the reslurry of
the product after decanting, was accomplished in the first
wash screener. Since in most cases these precipitated fines
contained a high percentage of the minor explosive component
as an impurity, removal of this material improved the purity
of the final product.

Filtration equipment used to filter explosives from relatively
concentrated DMSO/explosives mixtures containing dissolved
explosives produced severe filter cloth blinding and extremely
long filtration times. The mother liquor filter, which was
the first step in recycle solvent processing, was unable to
maintain a filtration rate high enough to filter all the
mother liqLor produced. Therefore, this initial recycle
solvent processing step was eliminated after only a few
initial experiments. Mother liquor was transferred, instead,
directly to the recycle DMSO receiver and held until filtered
in the recycle DMSO filter. Although very slow filtration
rates were experienced in this filter, also due to filter
cloth blinding, the larger filter size provided enough capacity
to process all the recycle solvent. Analyses of the filter
cake, however, r-ovealed that the purity level of the solids
removed was as high in most instances as the input crude
explosives. Therefore, recycle solvent processing was
eventually discontinued altogether in favor of direct recycle
of mother liquor. Direct recycle proved to greatly simplify
the solvent recycle and purge and decreased the percentage
of explosives lost as waste.

The modified processes used to handle the recrystallized
product and recycle solvent, although different from the
original processes, performed satisfactorily. Design of an
effective decanting system for DMSO/explosives slurries will
be required but should provide an efficient, dependable initial
separation technique, Improvement of the screening process will
be required if the original product PSD separation idea is to
be incorporated into overall recrystallized explosive product
scheme. If direct crystallization processes are to be used,
continuous filters such as the Bird-Pannevis or Eimco designs
would offer advantages over screening equipment to perform
product washing functions.
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Solvent Recovery Process

The solvent recovery process was not part of the original
pilot plant design, The original intention was to use
the evaporator/rectifier system to demonstrate that a simple
process could be used to reconcentrate the DMSO from the
waste solvent streams to a level which would allow its
reuse for crystallization. The reconcentration was also
to demonstrate that this procedure could be performed with
a minimum of solvent loss and that no problems would result
due to the presence of small quantities of explosives. Because
of the ease with which the reconcentration was accomplished and
the absence of any major problems, the decision was made to
carry the process one more step to recover the DMSO from the
concentrate by vacuum distillation to free the DMSO from the
explosives and any other non-volatile impurities. The resulting
distillate contained most of the DMSO and was free of any
detectable impurities other than water.

The apparent relative simplicity and efficiency of this
procedure carried out in equipment not designed for this purpose
implies that a system based on this procedure could be easily
designed to perform this function on a larger scale. Use of
the pilot plant data thus far obtained would facilitate this
design effort.

Process Material Balances

Crystallization Processes

Figure 26 is the flow diagram for the basic crystallization
processes evaluated in the pilot plant. Tables 21 through
27 present the material balance information corresponding
to Figure 26 for several of the recrystallization processes
previously discussed. The values used for flow rates and
compositions are average values based on analyses of samples
taken from the different process streams during the evaluation
phase. Internal streams in some cases bear calculated values
which may or may not represent actual situations observed
during evaluations. Instead, these values represent those
which would be expected using the results actually observed
in the product output streams with known input streams. Since
these values represent ideal situationscare should be
exercised if this information is to be used to design a
larger facility. More rigorous evaluation of the overall
system should be considered after the refinements are made
In the various sub-systems as discussed in the previous
section. Economic considerations expressed in this report,
however, are based on the material balances presented.
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Solvent Recovery Process

Figure 27 is the flow diagram/material balance for the
pilot plant solvent recovery process. Rates and compositions
again reflect the average values observed through repeated
experimental runs. Intercal stream rates and compositions
in some cases were calculated and represent those values
which would produce the output results actually observed
given the input rate and composition.

Experimental Results

RDX/CNCPR Experiments

The experiments conducted with the RDX/CNCPR systems areV described in Table 2. calculated results of these experiments
are presented in Table 4, and analytical results of samples
tested are presented in Tables 6, 7, 8, and 11. Brief analyses
of these experiments are as follows:

1. CNCPR-MOD-l (Experiments 1 - 7) - Seven experiments were
conducted using the two-crystallizer, CNCPR-MOD-I flow
configuration. Feed was introduced near the bottoms of
both crystallizers in an attempt to provide high, localized
supersaturation levels in the crystal bed where the largest
crystals were. Most of these experiments were plagued by
problems associated with poor dissolver saturation control
described previously. Loss of control occurred frequently,
as exhibited in Table 2, when the dissolver saturation
temperature, Ts, exceeded the dissolver operating temperature,
TD. The particle size distribution of the product showed
a great deal of variation corresponding to these upsets.

The product removal cycle time provided very little control
over product PSD except during the "in control" situations.
The products from these experiments were for the most part
nominal Class 3 RDX PSD. However, some actual Class 3 RDX
was produced as well as actual Class 4 RDX. The Class 4
RDX was all produced during experiment #4. O)issolver
control had been lost and was being reestablished by
allowing the system to drift without feed. Due to this
"no-feed" situation, the system was actually a CNCPRsystem rather than a CNCPR-MOD-I system. After control

was regained and the feed was restarted, the product PSD
drifted back into the Class 3 domain. This result demon-
strates that the introduction of a highly saturated feed
directly to the crystallizer produces a negative particle
growth effect compared to normal CNCPR dynamics. There is
also evidence that periods of increasing dissolver saturation
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produce higher growth rates than periods of decreasine
dissolver saturation.

The effect of dissolver saturation on product particle
size is shown graphically in Figure 28, Figure 28 also
shows the extremely erratic nature of the dissolver
saturation and emphasizes the difficult control problem
that existed, Note that the dissolver saturation seemed
to have critical limits which if exceeded had detrimental
effects on the product particle size. When the value of
(TD-Ts) approached zeto or drifted into the negative
region, the dissolver solution became saturated and the
dissolver lost its ability to control the fines returning
from the crystallizers. If (TD-T ) was highly negative,
the dissolver itself even became • fines producer., Also,
if (TD-T ) increased above 150 C (288 K), the average
product PSD decreased suggesting that growth rates were
low and that nucleation effects dominated the production.

Also shown in Fiqure 28 is the effect of crystallizer feed
supersaturation on the resulting product PSD. The crystal-
lizer supersaturation is the difference between the
dissolver saturation temperature, TS, and the crystallizer
operating temperature, T (. T -T ) values as high as 400 C
(313 K) and as low as 106C (283 K) were experienced.
Flunctuations in (Ts-T ) contributed to the fluctuations
noted in the product PSD but did not have as large a
controlling effect as (T0 -Ts). However, when very low
(Ts-T ) values are experienced, as shown at the 32 -36
hour I115.2 - 129.6 ks) and the 52 - 56 hour (187.2 -
201.6 ks) periods in Figure 28, (Ts-Tc) becomes the
controlling factor and greatly depresses the apparent
particle growth while nucleation and fines production
remain fairly constant. Thus, a much smaller product PSO
results.

The results of CNCPR-MOD-I experiments, presented in
Table 3, show that system production rates of 11.86 -
35.17 lb/hr (".494 - 4.431 g/s) were achieved with
corresponding system efficiencies of 45.8 - 67.7% of
theoretical yield, The solvent usage rates ranged from
1.19 to 1.94 lb of DMSO/lb of product (1.19 to 1.94 kg
of DMSO/kg of procict), Note that the highest efficiency
was achieved during the production of the Class 4 product
during experiment Number 4. This can be attributed to
lower loss of solids dnd dissolved material in the
crystallizer overflow. Better settling of the larger,
heavier particles in the crystallizers combined with a
lower average dissolver saturation produced this effect.
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2. CNCPR-MOD-2 (Experiments 8 - 13) - Six experiments were
performed using the single-crystallizer, CNCPR-MOD-2
flow configuration, These experiments, which were designed
primarily to produce Class 1 RDX PSD's, used several
combinations of feed composition (28.4 to 32% RDX), feed
rate (0.3 to 0.5 GPM (19 to 32 cm /s)) feed point (4 to
12 inches (0.1 to 0.3 m) from the crystallizer bottom)
and product removal cycles (7, 10, and 20 minutes (0.420,
0.600, and 1.200 ks)). However, most of the product
was nominal Class 1 too large for the actual Class 1 PSD.
None of the controlled variables had any major effect
on product PSD although there were several treids noted
as follows:

a. Raising the feed tube from the bottom of the crystal-
lizer toward the crystallizer overflow reduced the
product particle size.

b. Increasing the feed rate reduced the product particle
size.

c. Changes in feed composition had no measurable effect.

d. Increasing the product removal cycle time increased
the product particle size. (The 20-minute (1.200 ks)
cycles produced actual Class 3 RDX.)

The results of the CNCPR-MOD-2 experiments, presented in
Table 3, show that system production rates of 8.88 - 33.82
lb/hr (1.119 - 4.261 g/s) were achieved with corresponding
system efficiencies from 32.1 - 79.8% of theoretical yield.
The solvent usage rates ranged from 1.84 to 3.96 lb of
DMSO/lb of product (1.84 to 3.96 kg of DMSO/kg of product).
Due to the presence of the very many small particles, agita-
tion was very critical. Too high agitation rates caused
destruction of the crystal bed resulting in a homogeneous
slurry in the crystallizer. During occasional upsets of
this nature, a large amount of product was lost by way of
the crystallizer overflow thus reducing both the production
rate and the system efficiency. Constant readjustment of
the agitator speed was required to properly maintain the
crystal bed.

3. CNCPR-MOD-3 (Experiment 14) - One experiment using the
CNCPR-MOD-3 flow configuration was performed. The conditions
which resulted in the minimum PSD's in the CNCPR-MOD-2
experiments plus water dilution were used to produce the
actual Class 1 PSD. The results of this experiment, presented
in Table 3, show that a very high production rate of 48.72 lb/hr
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(6.139 g/s), a system efficiency of 78.6%, and a solvent
usage rate of only 1.18 lb of DMSO/lb of product (1.18 kg
of DMSO/kg of product) were achieved. Careful control
of agitatirn was maintained throughout the run and was
the major factor responsible for the high production rate
and efficiency.

4. CNCPR Experiment Number 15 - One experiment was performed
using the basic CNCPR flow configuration using only one
crystallitzer. The idle crystallizer was used to visually
monitor dissolver solution as previously discussed. The
purpose of this experiment was to produce Class 4 RDX.
Experience gained during the earlier CNCPR-MOD-l experiments
was used in attempts to provide greater control over
dissolver saturation and thus prevent :he negative values
of (T -TD) which contributed to the Pcir particle growth
results obtained previously. The reslits of this experiment,
presented in Figure 29, again show the effect of dissolver
saturation on the product particle size. Although dissolver
saturation control was successful and the kTD-Ts) values
were positive throughout most of the run, the product particle
size was small indicating that the particle growth rates
were again fairly low. However, Figure 29 indicates that
the (Ts-Tc) values fell during the ititial part of the
experiment and remained low during most of the run. The
depressing effect of these low values on crystal growth
rates is believed responsible for the small size of the
product obtained.

The results of the CNCPR experiment are presented in Table 3,
These results show a production rate of 15.38 lb/hr (1.938 g/s)
at 80% efficiency as li! as a solvent usage rate of only
1.08 lb of DMSO/lb of product (1.08 kg of DMSO/kg of product).

5. CNCPR Products - No unusual qualities were discovered in
any of the RDX intermediate products recrystallized from
DMSO using the CNCPR process. Alpha HMX content was monitored
by infra red and microscopic analysis. The analytical data
presented in Tables 6, 7, and 8 show that occasional traces
of alpha HMX were detected in some samples; but, these amounts
were in all cases judged by microscopic analysis to be within
acceptable limits less than 0.01% by weight. There were
never, however, any impact sensitivity problems. Since
this would not have been the case if alpha HMX contamination
had been substantial, it is believed accurate to assume that
no polymorph problems were experienced.
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RDX/Dilution Experiments.

The experimental conditions used to produce fine RDX by
dilution are described in Table 4, calculated results of
these experiments are presented in Table 5 and analytical
results of samples tested are shown in Tables, 9, 10, and 11.

A total of two continuous and twelve batch experiments were
performed in attempts to produce Class 5 RDX. The alpha HMX
contamination problem, which occurred during the initial
continuous experiments, as well as the discovery that growth
rates were too high in the continuous system to allow production
of the Class 5 PSO, led to the adoption of the successful batch
process. The successful conditions used included an initial
water dilution of the hot, DMSO/RDX solution by plug flow
mixing in the crystallizer feed lire, aging the mixture with
agitation at ambient mixture temperatures, a second water
dilution in the crystallizer, anc filtration and washing to
recover the product. The continuous product removal version
of this proc.•ss was successful in producing only Class 7 RDX.

The results o• the RDX/Dilution experiments presented in Table 5
show that the final RDX Class 5 procedure using the pilot plant
equipment was capable of producing 14 lb/hr (1.76 g/s) of
product per crystallizer at efficiencies of 95%. Most of the
product losses occurred during the filtration and washing steps.
Impact sensitivity problems due to alpha HMX contamination
were eliminated due to the aging step following the initial
dilution. This is evident by observing the consistently high
impact sensitivity values obtained on products from Experiments
9 through 14. Analytical results presented in Tables 9, 10,
and 11 show that the Class 5 RDX produced meets all specifications
for recrystallized RDX. No unusual properties were discovered as
a result of any of the tests performed.

HMX/CNCPR Experiments

Experiments performed in the HMX/CNCPR systems are described
in Table 12, calculated results of these experiments are
presented in Table 13, and analytical results of samples tested
are presented in Tables 16, 17, 18, and 20. Brief analyses
of the experiments are as follows:

1. CNCPR-MOD-I (Experiments 1 - 6) - Six experiments were
performed using the two-crystallizer, CNCPR-MOD-l flow
configuration. Feed was introduced near the bottom of
each crystallizer to provide high localized supersaturation
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and high growth rates in the vicinity of the largest
crystals. Better control of the dissolver supersaturation
level was maintained during these experiments than during
the corresponding RDX experiments. However, as shown in
Figure 30, the saturation level was actually maintained
too low to produce the desired high growth rates required
to produce Class 4 HMX using the 20-minute C1,200 ks)
product removal cycle. Also, the direct introduction of
feed to the crystallizers, as was noted during the earlier
RDX experiments, appears to increase the production of
nuclei and fines resulting in depressed effective growth
rates in the crystallizers.

Figure 30 alsu shows less erratic dissolver saturation
variations than in the RDX experiments and therefore tne
corresponding changes in the product particle size
distributions were not as drastic. However, the low
dissolver saturation values resulted in low (Ts-TC)
values which depressed the growth rates and contributed
to the failure to produce the desired larger particle
size distributions.

The results of the CNCPR-MOD-l experiments, presented in
Table 13, show that system production rates of 6.75 -
20.85 lb/hr (0.851 - 2.627 g/s) were achieved with
corresponding system efficiencies of 28.8 - 86.8% of
theoretical yield. The solvent usage rates ranged from
only 0.55 to 2.18 lb DMSO/lb of product (0.55 to 2.18 kg
DMSO/kg of product). The most favorable conditions
occurred at the beginning of the run when the values of
dissolver saturation and (Ts-Tc) were high while (TD-Ts)
values were positive.

2. CNCPR (Experiments 7 - 11) - Five experiments were performed
using the CNCPR flow configuration with only one operating
crystallizer. The idle crystallizer was used as a visual
reference of the dissolver saturation condition as in the
HMX/CNCPR-MOD-l experiments previously described. Figures
31, 32 and 33 show that the same general results were
obtained during these experiments as with the other
experiments, i.e., the use of the idle crystallizer was
sufficient to keep the (T -Ts) values positive but the
variations in both (TD -TS? and (Ts-Tc) caused corresponding
variations in the product particle size distribution.
However, the proper conditions were established and held
long enough during part of the experiments to provide the
growth and fines control necessary to produce the Class 4
PSD. These conditions included a combination of sustained
high (Ts-Tc) values, sustained positive (TD-Ts) values,
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and 30-minute (1,800 ks) product vithdrawal cycles.

Table 13 shows that system production rates of 14.69 - 17.13
lb/hr (1.851 - 2.158 g/s) were achieved with corresponding
system efficiencies of 36.6 - 80.8% of theoretical yield.
The solvent usage rates ranged rom 0.65 to 1.40 lb DMSO/lb
of product (0.65 to 1.40 kg DMSO/kg of product),

3, CNCPR Products - Analytical data presented in Tables 16,
17, 18 and 20 show that all the DMSO-recrystallized HMX
from the CNCPR process meet the specifications for
recrystallized HMX. One of the samples tested for
vacuum thermal stability (VTS) at 100 0C (373.15 K) for
48 hours (172.8 ks) showed an atypical result of 0.10 cc/g.
Moisture content of the test sample could be responsible
for this result. All other test results were normal. No
other unusual properties or qualities which would suggest
chemical or physical interactions between DMSO and HMX were
discovered during the performance of the tests.

HMX/Dilution Experiments

The experimental conditions used to produce Class 5 HMX by
dilution are described in Table 14,calculated results of
these experiments are presented in Table 15, and analytical
results are shown in Table 19 and 20.

Sixteen batch experiments were performed in attempts to produce
Class 5 HMX. Initial HMX experiments were based on the
successful RDX procedures. Plug flow mixing to achieve the
desired particle size and two-step dilution for polymorph
control were attempted. These batches, however, were all
impact sensi*ive and the material was predominantly gamma
HMX. Seeding the dilution water with beta HMX seed from
the regular Holston HGF production (pump-ground) process,
even at very low concentrations, provided the needed polymorph
control. The very small particle size required was easily
obtained without plug flow mixing because of the very low
growth rates of the HMX in the diluted solutions. This result
could possibly be due to the relatively slow polyntorph conversion
observed. Leaving a heel of fine beta HMX seed for the next
batch reduced the overall requirement for initial HGF seed.
However, after a few consecutive batches, an obvious growth
of material took place and reduction in process efficiency
resulted.

The results of the HMX/Dilution experiments, presented in
Table 15, show that the batch pilot Class 5 HMX procedure
was capable of producing 5.1 - 7.0 lb/hr (0.64 - 0.88 g/s)
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of product per crystallizer at total efficiencies of
70 - 95%. Reductions in production rate were experienced
as a result of the heel seeding method since a greater
percentage of product was lost as uovers" from the screening
process. 95 - 1(10% efficiency could be achieved if only
one or two consecutive batches were produced this way.
Other small product losses were attributed to the filtration
and washing steps. Alpha contamination and impact problems
were encountered prnimarily during the first 12 experiments.
However, definite improvement was shown during the final 4
experiments with most of products exhibiting impact values
above 30 cm. The 30-minute, 950 C heating cycle used to
obtain the impact value improvement is believed to relieve
"beta strain" whi'ch occurs during solid phase conversion of
gamma HMX crystals to beta. Aging at 950 C (368 K) allows
enough molecular mobility for realignment of the HMX molecules
into a more stable crystal structure.

Analytical results of Class 5 HMX samples tested at Holston
are presented in Tables 19 and 20. The samples representing
the pilot production process are Hll19i300.CD52/3S through
H11200500.CD52/3S. All specifications for Class 5 HMX were
met on each of these samples. Additional tests revealed that
one sample when tested for vacuum thermal stability (lO0OC for 48
hr), showed an atypical value of 0.33 cc/g. High sample moisture
due to incomplete drying of the test sample is suspected to have
caused this result, No other unusual physical or chemical
properties were observed.

Residual Solvent in DMSO-Recrystallized Explosives

Previous concern was expressed that the quantities of residual
DMSO that remain with the intermediate explosives after recrystal-
lization and final washing could cause potentiai problem,- when
using these materials in final products. Subsequent liwited
testing by other agencies has indicated tnat thete might be some
compatibility problems, but, these must be dealt with individually.
Due to concerns of this nature, care was taken during the design
of the DMSO-recrystallization pilot equipment to provide sufficient
washing to reduce the total residual levels of DMSO in the products
as low as practical. The solvent levels 3btained are, therefore,
representative of what would generally be expected for most OMSO
processes.

Residual DMSO test results presented in Tables 11 and 20 were
determined by gas chromatography. Two analyses were performed
on each sample. One analysis determined the total residual DMSO
content of the wet sample just as it left the washing step of
the recrystallization process. Another analysis determined the
occluded DMSO content after the sample was oven dried to remove
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the surface moisture. Occluded DMSO averaged 0,03% and 0.08%
by weight in tests of all the RDX and HMX samples, tespectively.
Total residual DMSO in the same senples averaged 0.35ý and 0.41%.
These values are not entirely rep.esentative since in all cases the
finer intermediates (actual Classes 1, 5, and 7) were haraer to
wash and dewater than the coarser intermediates (nominal Class I
and Classes 3 and 4). Thus, the finer material contained higher
total residual moisture with higher levels ot DMSO than the
coarser material. The total residual solvent in the coarse RDX
alone averaged only 0.16% while in the fines it averaged 0.64%.
Comparable values for HMX were 0.25% DMSO in the coarse and
0.75% in the fines.

Final Incorporated Products from DMSO-Recrystallized Explosives

Tables 29 and 30 present analytical results of the final products
made using DMSO-recrystallized intermediate explosives. These
products, which include Compositions A-3, A-5, C-4, B, 70/30
Cyclotol, and 70/30 and 75/25 Octul, meet all applicable military
specifications and will be used for qualification tests. No
manufacturing problems were encountered which could be attributed
to the chemical properties of the residual DMS0 or the recrystallized
explosives themselves. Viscosity specifications on the 70/30
Cyclotol and 75/25 Octol could not be achieved using standard
incorporation techniques. The difficulties encountered were at
least partly attributed to the narrow particle size distribution
and relatively small average size of the coarse explosives (Class 4)
compared to regular HSAAW Production material. However, a modified
incorporation procedure, which was developed during the 1973 DMSO
pilot effort, was successfully applied to the problem and the
required amounts of "in-specification" test products were produced.

Solvent Recovery Capability

Since the development or evaluation of a solvent recovery process
was not included in the project scope oF work, no formal investigation
was performed in this area. However, due to the accumulation of
relatively large quantities of 10-30% DMSO/water solutions, reclaiming
the DMSO in a form suitable for reuse was necessary. The available
pilot plant equipment, i.e., the evaporator/rectifier system, wasused for this purpose. During this crude recovery operation several
observations were made which may prove helpful for designing a DMSO
recevery process. These observations include the following:

1. No explosives migratior by entrainment was detected by
vistial inspection of the intern3ls of the rectifying
coltmn or condensor,
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2. Concentration of the 10 - 30% DMSO to 95 - 99% DMSO
is possible by single step fractionation,

3. The concentration of DMSO in the distillate from the
concentration step can be maintained at less than 0.01%
DMSO by weight using a reflux ratio ([/D)of 1/3.

4. DMSO free of solid or liquid impurities other than water
and possible trace quantities of acetic acid can be
obtained by vacuum distillation of the concentrated
DMS0. A sludge draw-off from the distillation contains
all the non-volatile impurities present in the waste
sclvent feed.

Since the objective of the solvent recovery operation was not

to perform a detailed solvent recovery study, but simply to
recover solvent from the waste stream, no efforts were made to
optimize the system through process variable manipulations or
to determine what the system limitations were. Thus, additional
work will be required to determine the most efficient conditions
for solvent recovery with respect to minimum reflux ratio, optimum
temperature and pressure conditions, the number of fractionators
required (two are used in the Crown Zellerbach process), and
the operating limits of the system. Another study should
characterize the sludge from the evaporation step and determine
the sludge draw-off rate required to control potential chemical
interactions between the various impurity components and the
requirements for disposition of this material.

Particle Size Separation/Recombination

The particle size separation/recombination idea could not be
evaluated during this pilot plant evaluation because of the
unsatisfactory performance of the size separation equipment.
The direct recrystallization of the individual classes of
explosives, which was not in the original scope of the project,
became the new project objective after the separation system
failed. This new project objective was met. Because the
theoretical advantages of size separation/recombination have not
yet been evaluated, the idea cannot be completely dismissed.
However, the following facts should be considered before a
final decision is made:

1. Individual processes are now available which can provide all
the desired products without the additional processing
required for separation and recombination.

2. Individual recrystallization processes are more efficient
since the demand For particular products is relatively
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independent of the demand for other products. (Size
separation/recombination would produce variable mi'xes
of all products).

3. Redesign and evaluation of separation equipment for performing
the size separation would be required before the actual capa-
bility and benefits of size separation/recombination could be
determined.

CNICPR Improvement

The lack of control over product particle size which was experienced

during the evaluation of the continuous pilot CNCPR system was due
to interactions between several controlled variables within the
system. Due to the complexity of these interactions, it is felt
that changes in the existing system controls will not result in
sufficient improvement to provide a reliable process. Therefore,
an alternate process configuration designed to eliminate these
control problems should be considered for production of coarse
explosives, particularly Class 4. The modified configuration
will incorporate the best features of the previously demonstrated
batch CNCPR technology with the successful features of the continuous
CNCPR system to produce a semi-continuously fed, intermittent product
removal CNCPR system.

ECONOMIC ANALYSIS

Recrystallized HMX

The approximate incurred costs for recrystallizing HMX by conven-
tional methods to produce Classes 1 and 4 HMX and for recrystal-
li'zing, pump grinding, and classifying Class 5 HMX are shown in
Attachment 1. Actual "out-of-pocket" unit costs of utilities used
during the first quarter 1980, the 1980 HDC labor estimating rates,
and the labor, material, and overhead values charged against various
RDX and HMX products during June, 1980 are presented in Attachment 2.
Assumptions made for estimating the costs of conventional HMX re-
crystallization include the following:

1. Utilities usages were calculated by performing energy balances
on existing processes using current operating procedures and
operating logs as bases. Costs were calculated by applying
the "out-of-pocket" unit costs from Attachment 2.

2. Steam usage includes a 10% additional for miscellaneous but
does not include building heat or ventilation.

3. Electrical usage does not include lighting or other miscellaneous
usage.
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4. The total of direct labor, materials, and overhead costs
applied to recrystallization is the difference between the
cost accumulated through the recrystallization step minus
the cost accumulated through the filtration/washing step
(represented by the value of crude explosives) at current
production rates.

The estimated incurred costs for recrystallizing Classes 1, 4,
and 5 HMX from DMSO in a hypothetical 864,000 lb/month (0.151 kg/s)
recrystallization facility are presented in Attachments 3, 4, and 5,
respectively. The assumptions used for these estimates include
the following:

1. The hypothetical facility produces a maximum of 432,000
lb/month (0.076 kg/s) of nominal Class 1 HMX, 216,000 lb/month
(0.038 kg/s) of Classes 3 or 4 HMX and, 216,000 lb/month (0.038
kg/s) of Class 5 HMX. These maximum rates are the bases for
the calculated operating costs.

2. Solvent recovery facilities are included in the overall facility.

3. Utilities and materials usages are based on material and
energy balances performed using the flowsheet presented in
Appendix B, Figures 26 and 27.

4. Utilities costs were calculated by applying the "out-of-pocket"
unit costs from Attachment 2.

5. Labor requirements are based on a total facility requirement
of 5 men/shift, 3 shifts/day, and 7 days/week,

6. Labor rates are 1980 estimating rates for HMX recrystalliza-
tion from Attachment 2.

7. Steam usage includes a 10% additional for miscellaneous but
does not include building heat or ventilation.

8. Electrical usage does not include lighting or other miscellaneous
usage.

Comparison of the calculated unit recrystallization costs of the
selected products at the production rates chosen shows that DMSO
recrystallization is less expensive than conventional processing.
Because of physical and operational differences between the two
systems being compared, ie, batch versus continuous systems, the
unit operating cost differences depend to a great extent upon the
production rates chosen for the comparison. In general, the unit
costs of utilities and materials are independent of the production
rates in either system and remain fairly constant. However, the
unit labor cost is much more sensitive to production rate, especially
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for the hypothetical DMSO facility. In order to provide a more
meaningful comparison, the effect of production rate on the unit
recrystallization costs must be analyzed and taken into account.

Because of the continuous nature of the DMSO facility, most of the
system equipment must be operated at all times regardless of the
production rate. For most operating rates a full operator crew
is required and the total operator requirement at half rate is
essentially the same as at full rate. Consequently, the unit
operating labor cost will double at half the 864,000 lb/month
maximum production rate. At very low rates, however, the labor
requirement can be reduced by at least one operator since several
of the operating phases such as solvent recovery and Class 5
recrystallization can be run intermittently instead of simply turning
down to a lower rate. By contrast, the unit labor cost of conven-
tionally recrystallized products is less sensitive to production
rate changes since each recrystallization system is independent. At
low production rates, only those systems actually needed are
operated and thus operating labor iF reduced accordingly. For
purposes of this analysis, the production rate sensitivity of
conventional processes is estimated to be approximately 15% (unit
labor cost is 15% higher at 76,500 lb/month than at 612,000 lb/month).

The effects of production rate changes on the total operating costs
of both the conventional arid the hypothetical DMSO facilities
described above are illustrated in Attachment 6. Note that the
difference in the unit recrystallization costs of the two systems
decreases rapidly as the production rate decreases. At approx-
imately the 150,000 lb/month (0.026 kg/s) level, the DMSO facility
loses its operating cost advantage. However, at very high rates
a large advantage is apparent. Over the current normal operating
range, the recrystallization cost advantage varies from $0.12 to
$0.18 per pound. (Note: The costs compared to determine this cost
advantage include only the direct charges incurred during recrystal-
lization and are not total product costs.)

In considering other advantages of the DMSO facility over conventional
facilities, it should be noted that three separate conventional
facilities would be required to recrystallize the quantity possible
in the hypothetical DMSO facility. Also, a 2 to 3 million pound
per month (0.350 to 0.525 kg/s) DMSO facility is just as feasible
as the 864,000 lb/month (0.151 kg/s) because of the relatively
small size of the equipment required. Thus, a DMSO facility
would provide a very high mobilization potential not presently
possible with existing systems.

Recrystallized RL.X

Actual calculations fur comparing recrystallization costs for RDX
by conventional versus D1SO methods were not undertaken for the
following reasons:
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1. Large scale RDX recrystallization from DMSO such as nominal
Class 1 RDX for Composition B, is not considered practical due
to the quantity, size, and cost of the equipment required and
building load limit problems anticipated.

2. Large scale production of coarse RDX for coated compositions,
such as nominal Class 3 RDX for Composition A-5, is not considered
economical because of the extra processing steps required and
thus the higher operating costs implied.

3. Previous estimates 2 comparing DMSO-recrystallization with con-
ventional recrystallization projected only a "break-even" com-
parison for coarse RDX products. This projection is still
considered valid.

4. Since the DMSO-recrystallized Class 5 RDX process is similar to
the Class 5 HMX process, the same relative operating expense
is anticipated for equivalent production rates. Thus, the cost
of DMSO-recrystallized Class 5 RDX can be projected using the
Class 5 HMX cost calculations as a basis.

In considering DMSO based facilities for production of nominal
Classes 1 or 3 RDX for Compositions B, A-3, and A-5, it was noted
that mobilization rate quantities of each of these products would
have to be considered for comparison with facilities using conven-
tional processes. A 7.5 million pound per month (1.313 kg/s)
Composition B line would require a 4.5 million pound per month
(0.787 kg/s) nominal Class 1 recrystallization facility. A 4.1
million pound per month (0.717 kg/s) A-Products line would require
approximately a 3.8 million pound per month (0.665 kg/s) recrystal-
lization facility. There are several problems associated with
using DMSO technology for systems requiring rates of this magnitude.
With cyclohexanone systems, approximately eig;,t, 5,000-gallon (22.7 m3 )
crystallizer-stills are required to recrystallize 4.5 million pounds
per month (0.787 kg/s) of nominal Class 1 RDX. Since the recrystal-
lization cycle ends with the recrystallized RDX in a hot water slurry,
coating to produce any of the A-Products is easily accomplished.
Also, pumps can be used to transfer the recrystallized RDX slurry to
other buildings for any other end use. The load limits in such a
facility could be maintained within acceptable limits by staging the
batches.

DMSO facilities would require only three 5,000-gallon (22.7 m3 )
crystallizers to recrystallize the 4.5 million pounds per month
(0.787 kg/s) of RDX. However, the recrystallized product does
not end up in a water slurry but must be reslurried if it is to
be pumped or coated. This creates a minimum of one additional
processing step which implies higher cost, at least for A-Products.
In addition to the three crystallizers, two continuous filters
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(one for dewatering incoming crude RDX and one for removing solvent
from and washing the recrystallized product), an evaporator system,
a product decant/recycle solvent handling system, a solvent recovery
system (most likely a separate facility), and miscellaneous feed
systems and controls would be required.

Preliminary building layout of a DMSO-recrystallization process
of the magnitude required within the existing recrystallization
building floor plan results in an extremely overcrowded situation.
The quantity of equipment needed demands a high personnel require-
ment. With only a "break-even" cost projection for DMSO-recrystal-
lized RDX compared with conventional RDX, the additional capital
expense would not be recoverable. As previously discussed, lowered
production rates would not necessarily reduce the personnel require-
ments and would, therefore, additionally increase the unit cost of
the product. In the case of the A-Products, where additional pro-
cessing steps are required, it is doubtful that even a "break-even"
cost situation would actually exist.

The load limits of the DMSO/RDX facility would also present some
problems in that explosives involved in several of the processing
steps, such as filtering and decanting, would have to be classified
as Class 1.1. Also, due to the continuous nature of the feed pre-
paration and product washing processes, even at reduced rates most
of the equipment would be full most of the time and the explosives
load could not be staged to reduce the explosives quantity for load
limit purposes. In summary, for all production situations con-
sidered, DMSO processes for manufacturing the high volume RDX
products mentioned appear neither practical nor economical compared
with conventional processes.

Conventional methods for producing Class 5 RDX involve water quenching
RDX/acetone solutions to precipitate the fine RDX crystals. DMSO
procedures are similar but the batch sizes could be increased using
the same crystallizer vessels by a factor of approximately four. The
cost of recrystallizing Class 5 RDX using a DMSO process is expected
to be approximately the same as Class 5 HMX (approximately $0.24/lb
product). The cost of labor, materials, and overhead alone for the
conventional Class 5 RDX is $0.4693/lb product (see Attachment 2).
Thus, a favorable cost advantage with a factor of approximately two
is expected for Class 5 RDX recrystallized using the DMSO process.
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Attachment 2

Utilities: Ist Quarter 1980 (Out-of-Pocket)

City Water - $0.4523/1000 gal
Filtered Water - $0.0849/1000 gal
River Water - $0.0163/1000 gal
Steam - $2.2139/1000 lb
Electricity - $25.5800/1000 kw hr
Air - $0.1056/1000 ft 3

Labor Rates for 1980:

Dept. 223 (HMX Recrystallization) - $20.04/hr; Labor and Benefits

Dept. 207 (RDX Manufacturing) - $22.12/hr; Labor and Benefits

Labor and Materials Costs:

DMSO - $0.62/lb (Crown Zellerbach)

*RDX ($/lb) Labor Materials Overhead Total

Crude 0.1197 0.1713 0.1272 0.4182
Class 1 0.1758 0.1764 0.1593 0.5115

**Class 3 0.3101 0.1458 0.1578 0.6137
Class 4 0.2448 0.1831 0.1995 0.6274
Class 5 0.3765 0.2277 0.2833 0.8875

*HX_ ($/lb)

Crude 0.4479 0.4331 0.6109 1.4919
Class 1 0.6701 0.5024 0.7077 1.8802
Class 4-2 0.7472 0.5094 0.7329 1.9895
Class 5 1.1715 0.4796 0.9291 2.5802

*Data from Contract Pricing Proposal No. 1585 for January - December, 1980.
**Actual for May 1980
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Attachment 6: Recrys~allization Cost Comparison for Existing
Versus DMSO Recrystallization of H14X
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CONCLUSIONS

1. Feed solutions for RDX or H14X crystallization systems using DMSO as
the crystallization solvent can be efficiently generated usirg a feed
preparation system similar to the pilot plant system. The prepared
feed solution, containing no undissolved solids, can be used directly
as feed for crystallization systems.

2. The continuous CNCPR crystallization system can be used to crystallize
both RDX and HMX from DMSO. Although the production of the coarse
explosiv2s distributions, Classes 3 and 4, was demonstrated, the capa-
bility of the continuous CNCPR system te consistentiy and repeatably
produce the coarse distributions was limited by poor dissolver satura-
tion control. The CNCPR-MOD-l systm, a variation of the CNCPR system,
caused increased fines production and thus additionally reduced the
effectiveness of this system to produce the coarse distributions.

3. The continuous CNCPR-MOD-2 crystallization system can be used to
crystallize explosives particle size distributions ranging fromi
nominal Class I to actual Class 3. Pilot plant datd are considered
sufficient for sizing a prototype :rystallization unit for this ptirpose.

4. The continuous CNCPR-MOD-3 crystallization system can be used to
crystallize actual Class 1 RDX and HMX particle size distributions from
DMSO. Direct scale-up of this system to prototype scale is considered
possible using tVie pilot plant data generated. A modification of the
CNCPR-MOD-3 process which allows more dilution and continuous rather
than intermittent product removal can be used to produce Class 7 RDX.

5. A batch, RDX dilution crystallization procedure is required for pro-
ducing Class 5 RDX containing the stable beta polymorph of HMX. Sizing
of equipment for a prototype Class 5 RDX production unit is considered
possible using the existing pilot plant data. Good agitation during
the aging period and a good product wash are considered of primary
importance to a successful future design.

6. A batch, HMX dilution crystallization procedure is required for producing
Class 5 HMX. The dilution must take place in the presence of fine beta
HMX (HGF) and a thermal age period must follow to obtain the stable, beta
HMX polymorph. Sizing of larger scale equioment for production of
Class 5 HMX with this procedure is considered possible using existing
pilot plant data. Good agitation and product washing are essential to
a successful future design.

7. The RDX and HMX crystallized from DMSO meet all existing specifications
for these products. Standard test results were comparable to ROX and
HMX recrystallized by conventional methods.
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8. A det.ant system is considereo a desirable alternative to the original
product/solvent separation technique which used a vibrating screener.
lite crude decant system used during the pilot evaluation performed the
initial separation with good efficiency.

9. Screening equipment can be usea to provide satisfactory initial and final
product wash of the coarser products from the CNCPR systems.

10. Purity analyses of the various recrystallized RDX and HMX products
indicate that processing the spent crystallization solvent by cooling
and filtration to remove an impure explosives stream prior to recycle
is Pot necessary. The build-up of the minor explosive component in
the ROX or HMX processes can be effectively controlled by selection of
an appropriate solvent purge rate. The present pilot plant data are
considered adequate for sizing a recycle solvent handling system for
a prototype production unit.

11. DMSO can be recovered from dilute water solutions which contain dissolved
and undissolved solid and liqu;d impurities to obtain high purity sol-
vent suitable for reuse. Although the present pilot plant data would
be useful in designing a DMSO recovery system, it is not considered
adequate for scale-up.

12. The direct recrystallization techniques developed in the pilot plant for
recrystallization of individual classes of explosives are considered
acceptable alternatives to the "multiclass explosives" idea using the
size s3eparation/recombination technique which failed due to unsatisfactory
equipment performance.

13. lhe DMSO-recrystallized RDX from the pilot plant can be used as inputmaterials for the manufacture of Composition A-3, Composition A-5,

Composition C-4, Composition B and 70/30 Cyclotol. The resulting final
products meet all specifications for these products.

14. The DMSO-recrystallized HMX from the pilot pldnt can be used as input
materials for the manufacture of 70/30 and 75/25 Octol. The resulting
incorporated products meet all specifications for these products.

15. Economic evaluation of hypothetical DMSO-recrystallization facilities
indicate that DMSO processes can reduce the recrystallization cost of
all HMX products at production rates higher than 150,000 pounds per month.
The DMSO-recrystallization costs of the relatively large quantities of nominal
Classes 1 and 3 RDX required for Composition B and A-Products are projected
to be approximately the same as conventional processes. Class 5 RDX costs
can also be reduced using the DMSO process. A lower recrystallization cost
advantage results for both DMSO-recrystallized RDX and HMX compared with
conventional methods if the DMSO facilities are operated at reduced
capacity.
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RECOMMENDATIONS
1. The following minimum efforts should be accomplished in support of any

further DMSO recrystallization project work:

a. All mechanical and general process improvements cited in this report
relative to the existing pilot plant, including the design and
installation of a product decant system, should be implemented.
Individual and collective evaluation of the improvements should be
completed before additional products are manufactured, Since most
of these improvements will require redesign, modification, or
purchase of additional capital items, additional project funding
should be provided.

b. Efforts should be made at HSAAP concurrent with Recommendation No. l.a.
to further evaluate the present analytical capabilities with respect
to liquid chromatographic characterization of solutions containing
RDX, HMX, DMSO, and water. If the present capabilities are deter-
mined to be unacceptable, improvements in the LC techniques or
instruments should be pursued or alternate methods proposed which
will provide the acceptable analytical capabilities required to
more accurately evaluate the DMSO-recrystallization systems.

c. Qualification tests of products from the current pilot plant evalua-
tion should be completed as soon as possible. Results should be
made available for review by HDC and HSAAP personnel as soon as the
tests are completed in order to determine if additional improve-
ments in the DMSO-recrystallization processes will be adequate to
provide acceptable products.

d. A study should be initiated to identify any accumulated impurities
in the recycle and waste solvent streams generated during the
pilot evaluations. Edgewood Arsenal should perform the appropriate
toxicity studies of the impurities identified so that the potential
hazards associated with the proposed recrystallization processes
can be determined and evaluated.

2. After successful completion of Recommendation l.a. and initiation of
Recommendations l.b. - l.d., the pilot plant should be operated as a
semi-works facility to provide additional test quantities of DMSO-
recrystallized explosives as needed. These products could be provided
as test material in the support of the development of new products or
applications. Efforts should be made to solicit customer ideas and
orders for these products.

3. Design and evaluation of a pilot DMSO recovery process should be
accomplished to provide sufficient information for design and scale-
up to prototype.
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4. If future ID)X ind llMX production requirements justify prototype •r
production facilities, the following processes are recommrended:

(a) Batch coolinq with dilution capdbility for producing actual and
nominal Class I RDX and IIMX, actual Class 5 RDX and HMX, and
actual Class 7 RDX.

(b) Batch CNCPR for producing actual and nominal Class 3 RDX and HMX
and actual Class 4 RDX and IIMX.

(c) Continuous coolinc with dilution capability for oroducina actual
and nominal Classes 1 and 3 POX and IIMX and actual Class 7
RDX.

5. Since demonstrated DMSO crystallization technology is available for
efficient preparation of most individual classes of RDX and HMX, it
is recommended that additional evaluation or use of the original
continuous CNCPR concept (which includes particle size separation/
recombination) for simultaneous production of all classes of explo-
sives be abandoned unless justified by specific production need and/or
economics.

6. Due to the complexity of parameter interactions within the continuous
CNCPR system, it is recommended that no additional effort be expended
to improve the existing continuous CNCPR process for production of
coarse explosives.

7. If justified by economics and specific production needs for products
requiring coarse explosives, is recommended that a semi-continuous
CNCPR system, which is based on the combined successful features of
the batch and continuous CNCPR systems, be evaluated in the existing
pilot plant. The relatively minor modification recommended, which
should eliminate the need for strict control of dissolver saturation,
involves batch feeding of the dissolver to produce a semi-continuously
fed, intermittent product removal system,

8. Based on the present economics and pending qualification of DMSO-
recrystallized products from the pilot plant, it is recommended that
decisions regarding future facilities projects for recrystallizaticn
of all classes of HMX or Class 5 RDX include consideration of DMSO
processes as alternatives to conventional recrystallization process.
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Table 1: Equipment List

Equipment Name Code Number

Slurry Mix Tank CA-52

Evaporator Feed Tank CB-50

Evaporator CB-51

Rectifying Column CB-21

Condenser CB-22

Dissolver CB-52

Crystallizers CC-50, CC-51

Mother Liquor Receiver CD-50

Product/Mother Liquor Screen CD-01
First Wash Screen CD-02

Second Wash Screen CD-03

Vacuum Filter No. 1 CD-51
Vacuum Filter No. 2 CD-52

Vacuum Filter No. 3 CD-53

Recycle DMSO Receiver CF-51
Product Line Wash Reservoir CF-53

Vacuum Filter No. 4 CF-52

Recycle DMSO Storage Tanks CA-50, CA-51

Recycle DMSO Holding Tank CF-53

Condensate Receiver CE-50
Condensate Holding Tank CE-51

Waste Solvent Recycle Tank CB-53

Waste Solvent Storage Tank CG-50

Waste Solvent Filter CG-51
Primary Steam Jets CJ-lO, CJ-ll

Vacuum Receivers CF-50, CJ-51

Evaporator Vacuum System CB-13

Exhaust Fan CH-10

Waste Water Holding Tank CG-52

Feed Slurry Transfer Pump CA-1O
Evaporator Feed Pump CB-10

Dissolver Feed Pump CB-11

Crystallizer Circulating Pump CB-12

Mother Liquor Transfer Pump CD-1O

Filter No. 2 Filtrate Pump CD-i1

Filter No. 3 Filtrate Pump CD-12

Waste Solvent Pump CG-10
Recycle Solvent Pump CF-10

Condensate Pump CE-1O
Wash Water Pump CE-11
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Table 29: Analytical Results of DMSO-Recrystallized RDX Test Products

Compositions
A-5 A-3 C-4

% RDX 98.84 91.11 89.94

% Stearic Acid 1.16 -

% H20 0.01 0.01 0.014

Bulk Density 1.03 0.82 -

% Binder - - 10.06

Plasticity - - 0.054

% Wax - 8.89 -

Acidity - 0

Foreign Matter None None

Insoluble Particles None None None

Granulation:

% Passing USSS No. 6 - 100 100
12 100 - -

100 - 0.1 0.3
200 0.2 - -

Composition B 70/30 Cyclotol

% RDX 59.91 70.58

% TNT 38.91 29.42

% Wax 1.18 -

% Water 0.06 0.11

Viscosity, See. 4.4 9.5

Insolubles None None

Foreign Matter None None
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Table 30: Analytical Results of DMSO-Recrystallized
EHX Test Products

70/30 Octol 75/25 Octol

% HMX 69.38 73,34

% TNT 30.62 26.6

% Water 0.10 0.13

Viscosity, sec. 11.12 14.1

Insoluble Particles, USSS No. 60 None None

% Insolubles 0.00 0.00

Foreign Matter None None
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APPENDIX C

MIXING EQUATIONS FOR RDX/lMX,

RECYCLE SOLVENT AND DMSO
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Mixing Equations for RDX/HMX, Recycle Solvent, and DMSO:

Ib dry explosives

R = Operating Line Ratio = lb dry explosives + lb DMSO (100% Basis)

WR - Operating Line

M Make-up Solvent Rate = lb DMSO (100% Basis) in Make-up DMSO

lb DMSO (100% Basis) in Recycle Solvent

A Lb of Wet Explosives Component A

B Lb of Make-up Solvent Component B

C = Lb of Recycle Solvent = Component C

W= Mass Fraction of Water in Component i.

D; Mass Fraction of DMSO in Component i.

EE - Mass Fraction of Explosive in Component i.

r - Density of Component i (lb/gal)

Equations: (1) Ct = 1

Wc + Dc + Ec *SPGE RDX = 1.8

8.34 9.17 *SpGE(8.34) HMX = 1.9

(2) C = Cc X (gals. of C) Measured in Mix Tank

(3) B - MCD.
DB

(4) A - R(CD, + BDR) - CEc (l-R)
(1-WA) X (l-R)

Calculation Procedure:

1. Measure gallons of recycle solvent (Component C) in the slurry mix tank.

2. Sample and analyze Component C using LC for explosites (Ec), water (We),

and DMSO (DO).
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3. Determine moisture content of wet, crude explosives (Component A)
as WA.

4. Calculate the density of Component C (•) using equation (1).

5. Calculate C using equation (2).

6. Given M and DB, calculate B using equation (3).

7. Given R, calculate A using equation (4).

Example Calculation for HMX System:

Given - R - 0.335, DB = 0.86, M - 0.20

Determined -gallons of C in mix tank - 42
WA by LC analysis f 0.400
Dc by LC analysis - 0.729
Ec by LC analysis - 0.142
Wc by LC analysis - 0.129

Calculated- ec - 1 f 9.622 lb/gal
0.129 + 0.729 + 0.142
8.34 9.17 (1.9X8.34)

C - 9.622 X 42 = 404.1 lb recycle solvent

B (0.2)(40&.1)(0.729) - 68.51 lb. make-up solvent
0.86

A 0.335 [(404.1)(0.729)+(68.51)(O.86)] - C(404.1)(0.142)(1-0.335)1
(1-0.4) (1-0.335)

201.2 lb wet HMKX
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APPENDIX D

PHYSICAL PROPERTIES OF DMSO

J
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PHYSICAL PROPERTIES

TABLE 1 PROPERTIESOFDMSO

Molecular Weight. ... ....... 78.,13
Boiling Point at 760 mm Hg .. -. .. . 189 0 C (3720F)
Melting Point ............................ 18.55 OC (65.4 OF)
Specific Gravity at 25 0 C (77 OF) .. ....... .. 1.096 (9.,15 lb per gal)*
Refractive Index at 25 0 C ..... ............. 1.477
Vapor Pressure at 25 0 C .... ........... ... 0.62 mm Hg*
Surface Tension at 25°C ............ 42.85 dynes per cm
Viscosity at 251C ..... ............... .. 2.00 Centipoise*
Specific Heat at 29.4°.C .... ........... ... 0.47 ± 0.015 cal/(gm)(OC)*
Heat of Vaporization at 250C ............ .. 12.64 Kcal/mole (291 Btu/lb)

at 189 0 C ... ....... .. .10.31 Kcal/mole 1237 Btu/lb)
Heat of Solution in Water at 20"C ......... ... 60 cal/gm
Heat of Fusion ........... .............. .. 44 cal/qm
Heat of Combustion at 250 C .... ........... 6050 cal/gm
Flash Point (TOC) ..... ............... .. 95 0 C (2030F)
Ignition Temperature in Air ........ 300-3020 C (570-5750F)
Flammability Limits in Air Lower ......... ... 3-3.5 vol %

Upper ......... ... 42-63 vol %
Thermal Coefficient of Expansion.... . . . 0. 00088 cc per degree C
Electrical Conductivity 20 0 C ...... .. 3 x 10 -8ohm- 1 cm-1

80 0 C . . ... ....... .7 x 10- 8ohm-lcm-i
Water Solubility. ... ................. Completely Miscible

*Additional data are found in the following tables and figures
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FREEZING POINT CURVES FOR DMSO-WATER SOLUTIONS

FIGURE 2a FIGURE 2b
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TABLE 2 HEAT CAPACITY OF DMSO

Temp, °C Cp (liquid), cai/(g)(OC)

30 0.47

60 0.47
100 0.48
150 0.52

TABLE 3 DENSITY OF DMSO

Temp, °C Density, grams/cc

25 1.096
60 1.062

100 1.023
150 0.974
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TABLE 4 VAPOR-LIQUID EQUILIBRIUM DMSO-WATER

(3DNE ATMOSP"EHE PRESSUREI-----

OLFATON MCI. F4ArTION

TEMPERATLME 1. WATER IN LIQUID WATER IN VAPER

100.0 1.000 0.0008

100,6 0.988 0.9997

iU1.0 ~0.975 o99

I a -0 0.945 0.9994
102.00,9090.9989

103.3 0.909 o.9983

105.0 0.860 0.997

138. 0 0.740o.9

113.0 0.6750 0.990

11c.0 0.645 o.986
120.0 0,651 0.964

1430.0 0.378 0.921

149.0 0.313 0.890

165.0 0).176 0.773

174.5 0.100 0.573

177.0 0.081 0.3573

183.0 0.048025

184.6 0.034 0.282
187.7 ~0.0110.0

189.7 0.000 0.000
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FIGURE 8

THEORETICAL PLATE REQUIREMENT

DMSO/WATER SYSTEM
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FIGURE 10

THERMAL DECOMPOSITION OF DMSO
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